An Experimental Study of a Reinforced Concrete Two-Way Floor Slab by Gamble, W.L. et al.
1-0 
Ie:L91J 
N(), .211 
~IVIL ENGINEERING STUDIES 
C"O py _ STRUCTURAL RESEARCH SERIES NO. 211 
Katz Reference Room 
Civil Enginceri-cg Department. 
Bl06 C. E. Building 
University of Illinois 
Urbana, Illinois 61801 
EXPERI 
C NCRETE 
I 
AY FL R SLAB 
by 
-We l:;GAMsI'f 
·",-.. ___ t 
M. AT'S'OZEN'" 
.. _"'-"" ...... J.. ¥" •. , .... t~~.~, .• .' ,_ •.•• 
c. ~~ SIESS 
~~"'H' 
A Report to 
THE REINFORCED ·CONCRETE RESEARCH COUNCil 
OFFICE OF THE CHIEF OF ENGINEERS, Uo So ARMY 
GENERAL SERVICES ADMINISTRATION, 
PUBLIC BUILDINGS SERVICE 
and 
HEADQUARTERS, Uo So AIR FORCE, 
DIRECTORATE OF CIVIL ENGINEERING 
UNIVERSITY OF ILLINOIS 
URBANA, ILLINOIS 
June 1961 

AN EXPERIMENTAL STUDY OF A RE~NFORCED 
CONCRETE TWO-WAY FLOOR SLAB 
by 
W. L GAMBLE 
M. A. SOZEN 
Co P. S~ESS 
A Report on a Research Project 
Conducted by the 
CIVIL ENG~NEER~NG DEPARTMENT 
UN~VERS~TY OF1LUNO~S 
in cooperation with the 
REINFORCED CONCRETE RESEARCH COUNCIL 
OFFICE OF THE CH~EF OF ENG~NEER5, U. So ARMY 
Contract DA-49-129-eng-393 
GE NERAL SERV~CES ADM~ N ~STRA T~ON, PUBLIC BUILDI NGS SERVICE 
and 
HEADQUARTERS, Uo S. A~R FORCE 
Contract AF 33 (600) - 31319 
UN~VERS~TY OF !LUNOIS 
URBANA, ~LUNO~S 
June 1961 

TABLE OF CONTENTS 
1 0 INTRODUCTION 0 0 0 0 • 0 . . • " . " " 0 " 
1.10 
1,,2. 
103., 
1040 
General Remarks " 0 0 0 • • 0 0 .. " • " .. .. " 
Brief Description of Test Program 0 
Object and Scope of Reporto " " c " 0 
Acknowledgments • . . 0 " " " " " 0 .. .. 0 " • 
DESCRIPTION Of TEST SLAB . 
Description of Prototype Structure. 0 0 0 • 0 .. 0 a 
Description of the Test Structure 0 0" 0 .. • • 
Relationship of the Test Structure to the -prototype n • 
3.. MATERIALS AND CONSTRUCTION OF TEST STRUCTURE 0 " 
3 .. 1. 
3020 
303· 
304. 
3050 
3060 
Reinforcing Steel 0 
Concrete. " 0 • 0 0 0 0 0 0 0 " 
Formwork 0 0 " " 0 " " 0 0 0 0 0 
Steel Assembly and Placement. 0 
Casting and Curing. 0 
Finis~ed Condition of Slab. 
4.. LOADING SYSTEM • 0 • 0 • 0 • 
4.i. Loading Frame and Reaction Piers. a 
402. Load Distributing System. 0 0 " 0 0 0 " 
403. HYdraulic System •. 0 0 • " 0 
INSTRUMENTATION. 
Strain Measurements • . 
Reaction Measurements • 0 
Load Measurements 0 • 
5.10 
502. 
50'. 
5.4. 
5·5· 
5060 
Deflection Measurements 0 0 
Torsional Rotations " 
Reading and Recording 0 
TESTING PROCEDURE AND CHRONOLOGY • 
601. Testing Procedure • . 
6.20 Chronology 0 0 • 0 0 0 0 0 0 .. 
BEHAVIOR OF THE TEST STRUCTURE 
7.10 Introductory Remarks • 
7.2. Test 307 (Design Load)o . 0 0 
7.30 Test 314 (100 DL + 2.0 LL). 0 0 0 • 
7 ,,4 0 Te s t 335 ( 1 0 0 DL + 4 0 0 LL) 0 0 0 • 0 • • • • 0 
7050 Test 338 (Test to Failure) •. 0 " 0 0 " • " 
7060 Test 339 (Interior Panel Tested to Failure) 0 
7070 Distribution of Strains in Beams •• 0 •• 0 • 
iii 
1 
1 
4 
4 
6 
8 
8 
9 
11 
15 
15 
16 
17 
18 
19 
20 
21 
21 
21 
22 
23 
23 
24 
26 
27 
28 
28 
30 
30 
31 
33 
33 
33 
35 
39 
46 
57 
61 
-iv-
TABLE OF CONTENTS (Continued) 
MOMENT=STRAIN RELATIONSHIPS 0 • 0 0 0 0 
8010 Introductory Remarkso 0 • 
8020 Modulus of Rupture 0 0 0 0 0 0 
8030 T=Beam Flange Width 0 
MOMENTS ACROSS FULL WIDTH OF TEST STRUCTURE 0 0 
9010 
9020 
903· 
9040 
9050 
Introductory Remarkso 0 0 0 0 0 0 
Determination of Column Reactions 0 0 
Determination of Momentso .. 0 • 0 ••• 0 • 
Moments in Tests 314 and 3350 0 0 0 0 0 0 0 0 
Reaction Moments from Test 338 (Failure Test) 0 
100 REDISTRIBUTION OF MOMENTS 0 0 0 0 0 0 0 • • 0 • 
10010 
10020 
10030 
10040 
10050 
Introductory Remarkso 0 0 0 0 0 . 0 0 0 
Causes and Effects of Moment Redistribution 
Interior Panel 0 0 0' 0 0 0 
Edge Panel 0 0 0 0 0 
Corner Panel 0 0 0 0 
110 COMPARISON OF TEE MEASURED MOMENTS IN THE STRUCTURE FOR 
DIFFERENT LOADING PATTERNS AT 200 LL + 1.0 DL 0 • 
11010 
11020 
11030 
11040 
11050 
11060 
11070 
Introductory Remarkso 
Interior Pane10 
Edge Panel 0 0 0 0 
Corner Pane10 0 
Interior Beamso 0 
Edge Beams 0 0 0 0 
Check of Total Moment with Staticso 
120 COMPARISON OF MEASURED MOMENTS WITH MOMENTS GIVEN BY DESIGN 
65 
65 
66 
66 
68 
68 
68 
70 
72 
74 
76 
76 
77 
82 
87 
99 
105 
105 
106 
107 
109 
110 
112 
113 
PROCEDURES AND THEORETICAL ANALYSES 0 0 116 
12010 
12.20 
12030 
12040 
12050 
Introductory Remarkso 
Interior Panel u . 0 
Edge Panel 0 0 0 0 0 0 
Corner Panelo 0 0 0 0 
General Comparisons of Design and Measured Momentso 0 
STRENGTH ANALYSISo 0 0 0 0 0 co. 0 0 
13010 
13020 
13030 
Introductory Remarkso 0 0 0 0 0 
Strength of Individual Panels 0 
Structural Failure Patterns 0 
140 SUMMARY 0 0 0 0 0 0 0 0 0 0 0 
14010 
14020 
Behavior of Test Slab 0 
Results of Analysis 0 0 
116 
120 
125 
135 
138 
142 
142 
144 
147 
150 
150 
152 
BIBLIOGRAPHY .. 
TABLES 
FIGURES 
v 
TABLE OF CONTENTS (Continued) 
Page 
154 
155 
l68 
Table No .. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
II 
12 
LIST OF TABLES 
Title 
Concrete Propertieso . 0 0 
Tests on Two-Way Slabo 0 
Sequence of Yielding During the Test to Failure •• 
Moments Across Full Width of Structure - Test 314. 
Moments Across Full Width of Structure - Test 335. 
Moments Across Full Width of Structure - Test 338. 
Moments at 200 LLo . 0 0 0 0 
Interior Panel Moment Coefficients 0 
Edge Panel Moment Coefficients Span 
Parallel to Edge of Structureo 
Edge Panel Moment Coefficie~ts Span 
Perpendicular to Edge of Structure ... 
Corner Panel Moment Coefficients 0 0 • 
Slab and Beam Moments 0 .... 0 0 
-vi-
155 
156 
157 
158 
159 
16D 
161 
162 
163 
164 
165 
166 
Fig. No .. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
LIST OF FIGURES 
Title 
Layout of Prototype Structure 0 .. .. 
Cross Sections of Slab and Beams 0 
Arrangement of Top Reinforcement in Prototype Slab .. 
Arrangement of Bottom Reinforcement in Prototype Slab ... 0 
Arrangement of Beam Reinforcement in Prototype Structure .. 
Layout of Columns in Prototype Structure 0 
Layout of Test Structure .. . .. . .. 0 .. • 0 eo. 
Arrangement of Top Reinforcement in Test Structure 
Arrangement of Bottom Reinforcement in Test Specimen .. 
Arrangement of Reinforcement in the Beams of the 
Test Structure 0 .. • 0 .. 0 .. • .. 0 • • • 0 
Arrangement of Reinforcement in Columns of 
Test StructUre 0 0 .. • • , • 
Typical Stress-Strain Relationship for Slab Steel 0 • 
Typical Stress-Strain Relationship for Beam Steel. 
Typical Stress-Strain Relationship for Stirrup Steel .. 
Location of Concrete Batches in Test Structure .. . 
Deviations of Slab Thickness 
Elevation of Reaction Frame and Loading Frame. 
Elevation of Load Distributing Systemo .. .. 0 • .. • 
Location and Designations of Top Strain Gageso 
Location and Designations of Bottom Strain Gages 0 0 
Location and DeSignations of Beam Strain Gages 0 
Photograph of Column Reaction Dynamometer. 
Overall View of Test Structure e .. 
-vii-
168 
169 
170 
171 
172 
173 
174 
175 
176 
177 
178 
179 
180 
181 
182 
183 
184 
185 
186 
187 
188 
189 
190 
-viii-
LIST OF FIGURES (Continued) 
Fig" No. Title 
24 Photograph of Underside of Test Structureo . 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
O-Ring Dynamometer 0 0 0 0 0 0 0 0 0 • • • • 
Location and Designation of Deflection Dial Gages •. 
Load-Deflection Curves, Test 307 
Load-Strain Curves, Test 307 
Load-Strain Curves, Test 307 
Steel Stresses at Center of Strip ABC, Test 307 
(De sign Load) 0 0 0 0 0 0 0 0 0 coo • • 0 coo 
Steel Stresses at Center of Strip DEF, Test 307 
( De sign Load) 0 0 0 0 0 0 • 0 0 • • 0 0 0 • • 0 
Steel Stresses at North Edge of Slab, Test 307 
( De s ign Load) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Steel Stresses at South Edge of Strip ABC, Test 307 
( De s ign Load) 0 0 0 • • 0 0 0 0 0 0 • 0 • 0 0 • 0 0 0 
Steel Stresses at North Edge of Strip DEF, Test 307 
( De s fgn Load) 0 • 0 0 . 0 0 0 0 0 Q 0 0 • 
Load-Deflection Curves, Test 314 0 0 0 
Load-Strain Curves, Test 314 0 • 
Load-Strain Curves, Test 314 0 0 
Load-Strain Curves, Test 314 0 0 
Steel Stresses at Center of Strip ABC, Test 314 
(1,,0 DL + 200 LL) 0 • 0 • 0 0 0 0 o. • 0 0 0 .. 0 
Steel Stresses at Center of Strip DEF, Test 314 
( 1 0 0 DL + 2 0 0 LL) 0 0 0 c " 0 0 0 " 0 0 0 0 .. .. 0 
Steel Stresses at North Edge of Slab, Test 314 
( 1 • 0 DL + 2 .. 0 LL) 0 0 0 coo • 0 0 0 c e e 
Steel Stresses at South Edge of Strip ABC, Test 314 
( 1 0 0 DL + 2 c 0 LL) 0 0 0 0 0 0 0 0 " 0 0 0 0 0 " 0 " 0 
Steel Stresses at North Edge of Strip DEF, Test 314 
(100 DL + 200 LL) 0 . 0 " 0 0 0 " 0 • c· 0 " 0 • 0 0 0 
191 
192 
193 
194 
195 
° 196 
197 
199 
200 
201 
202 
203 
204 
205 
206 
207 
208 
209 
210 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
57 
58 
59 
60 
61 
62 
64 
65 
-ix-
LIST OF FIGURES (Continued) 
Title 
Cracks on Top of Slab, Test 314 (1.0 DL + 200 LL)o 
Slab Load-Deflection Curves, Test 3350 ....... 
Cumulative Load-Deflection Curve, Tests 301 to 335 .. . 
Cumulative Load-Deflection Curve, Tests 301 to 335 
Cumulative Load-Deflection Curve, Tests 301 to 335 .. 
Beam Load-Deflection CUrves J Test 3350 
Load-Strain Curves, Test 335 0 • 
Load-Strain Curves, Test 335 0 • 
Load-Strain Curves, Test 335 .. . 
Load-Strain Curves, Test 335 0 0 
Load-Strain Curves, Test 335 .. . .. 0 0 0 • 
Load-Strain Curves, Test 335 0 0 0 
Load-Strain Curves, Test 335 
Load-Strain Curves, Test 335 
Load-Strain Curves, Test 335 
Steel Stresses at Center of Strip ABC, Test 335 (1.0 DL + 400 LL)o 0 0 . 0 . 0 0 . 0 . 0 .. .. . . . .. 
Steel Stresses at Center of Strip DEF, Test 335 (100 DL + 4.0 LL)o 0 0 0 0 0 .. .. 0 0 .. 0 0 0 0 0 0 
Steel Stresses at North Edge of Slab, Test 335 
(1.0DL+4 .. 0LL)0 00.000.0 •• 0. 
Steel Stresses at South Edge of Strip ABC, Test 335 
( 1 0 0 DL + 4 0 0 LL) 0 • 0 0 • Q 0 • 0 • • 0 .. .. 0 0 0 0 
Steel Stresses at North Edge of Strip DEF, Test 335 
( 1 0 0 DL + 4 0 0 LL) 0 • 0 0 0 • 0 0 • 0 0 • • • .. .. 
Cracks on Bottom of Slab, Test 335 (1.0 DL + 400 LL) 0 
Cracks on Top of Slab, Test 335 (1.0 DL + 400 LL) ... 
.. . 
0 .. 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 
221 
222 
223 
224 
225 
226 
227 
228 
229 
230 
231 
232 
-x-
LIST OF FIGURES (Continued) 
Figo No. Title 
66 Load-Deflection Curve~ Test 3380 . 
67 
68 
69 
70 
11 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
Load-Deflection Curve, Test 3380 
Load-Deflection Curve, Test 3380 
Load-Deflection Curve~ Test 3380 0 
Load-Deflection Curve~ Test 3380 
Load-Deflection Curves, Test 3380 
Schematic Diagram of Deflections at Ultimate Load, 
Test 338 1) 0 0 0 0 • • 0 0 " • " " " 0 0 ., • • " 0 
Reinforcement Stresses at Ultimate Load, Test 338. 
Load-Strain Curves, Test 338 
Load-Strain Curves, Test 338 
Load-Strain Curves, Test 338 0 
Load-Strain Curves, Test 338 . 0 
Load-Strain Curves, Test 338 
" 
0 
Load-Strain Curves, Test 338 
Load-Strain Curves, Test 338 
Load-Strain Curves, Test 338 
" 
Load-Strain Curves, Test 338 0 0 
" 
0 . 
Load-Strain Curves, Test 338 0 . . 0 0 a 0 . 
Load-Strain Curves, Test 338 
Load-Strain Curves~ Test 338 0 • 
Composite Photograph of Top of Slab, Test 3390 0 
Cracks on Top of Slab, Test 338 (Failure Test) 
Composite Photograph of Bottom of Slab, Test 338 
Cracks on Bottom of Slab, Test 338 0 0 0 0 0 0 • 
. 0 
. 
" 
0 
0 
" 
0 
233 
234 
235 
236. 
237 
238 
239 
240 
241 
242 
243 
244 
245 
246 
247 
248 
249 
250 
251 
252 
253 
254 
255 
256 
Fig. No. 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
III 
... xi-
LIST OF FIGURES (Continued) 
Title 
Cracks in Spandrel Beams, Test 338 0 
Photographs After Tests to Failure 0 • 
Load-Deflection Curve for Interior Panel, Test 339 • 
Load-Deflection Curves, Test 339 0 • 
Load-Strain Curves, Test 339 ~ 
Load-Strain Curves, Test 339 e 
Load-Strain Curves, Test 339 0 • 
Photograph of Bottom of Interior Panel, Test 339 0 
Photograph of Top of Interior Panel, Test 3390 " 
Distribution of Compressive Strains Across Top of Beams, 
Te s t 338 0 • 0 • • • • 0 • • 0 0 • " " 
Strain Distributions in Interior Beam, Test 338. . 
Strain Distribution in Edge Beam, Test 338 0 0 
Moment-Strain Relationships .. 
Moments Across Full Width of Test Structure, Test 314. 0 • 
Moments from Reactions Across Full Width of Test 
Structure, Test 3350 0 • 0 0 0 0 0 .. 0 • 0 .' 0 " 
Moments from Strains Across Full Width of Test 
Structure, Test 3350 . " . 0 0 0 " 0 " 0 • 0 " 
Moments from Reactions Across Full Width of 
Test Structure, Test 338 0 0 0 0 • • • 0 • " " 
Load-Moment Coefficient Curves, Interior Panel • 
Load-Moment Curves, Interior Panel 0 • 
Load-Moment Curves, Interior Panel 
Distribution of Moments at North Edge of Panel E, 
Test 335 0 " 0 • 0 " " " 0 0 0 • " 0 
Load-Moment Coefficient Curves, Edge Panel • 0 • • 
257 
258 
259 
260 
261 
262 
263 
264 
265 
266 
267 
268 
269 
270 
271 
272 
273 
274 
275 
276 
277 
278 
Figo Noo 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
-xii-
LIST OF FIGURES (Continued) 
Title 
Load-Moment Curves~ Edge Panel 
Load-Moment Curves j Edge Panel 0 
Distribution of Moments at North Edge of Panel Fj 
Te s t 335 0 • • • 0 0 • 0 0 0 0 0 0 0 0 o' 
Load-Moment Coeff.icient Curves ~ Edge Panel 0 
Load-Moment Coefficient Curves, Edge Panel . . 
Load-Moment Curves j Edge Panel 
Load-Moment Curves~ Edge Panel 
Distribution of Moments at South Edge of Panel B, 
Test 335 0 • 0 • 0 • 0 0 0 • 0 0 0 0 0 • 0 0 • 
279 
280 
281 
282 
283 
284 
285 
Load-Total Slab Moment Curves for Two Edge Panel Spans 
286 
287 
Load-Moment Coefficient Curves, Corner Panel 
o 0 • o. 288 
122 Load-Moment Coefficient Curves, Corner Panel 289 
123 Load-Moment Curves j Corner Panel " 290. 
124 Load-Moment Curves~ Corner Panel 0 0 • 291 
125 Distribution of Moments at South Edge of Panel C, Test 335 0 292 
126 
127 
128 
129 
130 
131 
Steel Strains From Checkerboard Loadings 0 0 0 
Measured and Design Moments at 100 DL + 200 LL 0 0 
Yield Patterns in Interior Panel 0 0 0 0 • 0 
Yield Pattern in Interior Panel at Ultimate. 
Yield-Line Patterns in Slabs 0 
Structural Yield-Line Patterns 0 0 
o 0 "0 293 
294 
295 
296 
297 
298 
1. INTRODUCTION 
1 .10 General Remarks 
This report is one of a series describing the results of an 
investigation into the strength and behavior of multiple panel reinforced con-
crete floor slabso This particular report describes the results of tests of a 
nine panel two-way slabo 
There are two different general types of reinforced concrete floor 
slabs in use at the present timeo These are the flat slab and its variant the 
flat plate, which are supported only on columns and the two-way slab, which is 
supported on beams spanning between the columnso Design provisions for both 
* types of construction are contained in the ACI Building Code (1)0 The defini-
tions of the two types of slabs may be taken from the Code as follows~ 
nSection 1001 (a) Flat slab--A concrete slab reinforced in two or 
more directions, generally without beams or girders to transfer the loads to 
supporting members. fi 
"Section 709--Two-way systems with supports on four sides (a) This 
construction, reinforced in two directionso .... sball be supported by walls or 
** beams on all sideso .. o~ [in either case built monolithically with the slabs]. 
The desi~~ provisions contained in the ACI Building Code use 
radically different procedures for finding the moments in the two types of 
structures, and the final results are quite different. The flat slab is de-
signed for a very favorable loading condition, uniformly distributed load on 
*.Numbers refer to entries in the bibliographyo 
** The limitation in the brackets is included in the 1940 Joint Committee 
Report (2) but not in the ACI Building Codeo 
-1-
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all panels, while the two-way slab is designed implicity for the maximum moment 
that can be obtained at each critical section by various combinations of partial 
loadings 0 In addition, an interior panel of a flat slab may be designed for 
only 72 percent of the static momento On the other hand, the total design 
moment in the interior panel of a two-way slab is 121 percent of the static 
moment; the two-way slab is designed for 170 percent of the moment in the flat 
slab 0 
The basis for the difference in design requirements between the two 
different types of slabs lies in their developmento Flat slabs were built before 
there was any method of analysis and these structures were usually load tested 
before useo Later, when a method of analysis was developed, the moments that 
were obtained were adjusted to match the moments which were believed to exist 
in buildings that had performed satisfactorily in service or during the load 
testo Attempts were made at finding the moment caused by the load tests, but 
the results were unsatisfactory because usually only small portions of the 
structures were loaded~ only a few strain measurements were made and erroneous 
assumptions were made about the relationship between moment and straino The 
load tests were thus generally interpreted to attribute to the structure more 
reserve strength than it actually possessedo Even after this was fully 
realized, the design procedure remained essentially unchanged since the flat 
slab structures have given quite satisfactory service. 
The two-way slab design requirement, however, was the child of 
analysis and not of construction experience 0 The design procedures are based 
on elastic analysis of plates supported on nondeflectiing beamso The design 
loads and moments for the beams are those that would occur in infinitely stiff 
beams; consequently, the resulting beams are either very stiff or very heavily 
reinforced 0 Since the structure is designed for greater than the static moment, 
-3-
the over-all safety factor is greater than the rati~ of the yield stress to 
the working stress of the reinforcemento As would be expected, the performance 
of the two-way slabs bas been quite satisfactory, but it must be remembered 
that satisfactory service gives no indication of the amount by which the struc-
ture might have been overdesignedo There have been very few tests on two-way 
slab structures to confirm how strong they actually are when designed according 
to the ACI Codeo 
While it is recognized that the presence of beams in the structure 
should change the distribution of the moments in any one panel, their presence 
should not cbange the total momento One of the project objectives is therefore 
to reconcile the differences between the methods of design of the structures 
with and without beamso It is also desired to extend the design procedures to 
include structures with beams of intermediate stiffnesso To this end, a 
serie~ of five test structures was planned 0 The structures are as follows~ 
(1) Flat plate 
(2) Flat slab 
(3) Two-way slab with stiff beams 
(4) Two-way slab with flexible beams 
(5) Flat slab reinforced with welded wire fabrico 
The first three structures were designed according to the ACI Building Codeo 
The design of the fourth structure was based on a limit analysis, with reinforce-
ment provided for 100 percent of the static moment in each panelo The fifth 
structure was designed according to the ACI Code, but the reinforcement was of 
welded wire fabric instead of individual bars 0 The first four structures have 
been tested and the last is currently being testedo The results of the tests 
of the flat plate are contained in part in a report by G. To Mayes, et al (3) 
and the results of the tests of the flat slab by D. S. Hatcher, eto alo (4). 
-4-
1.20 Brief Description of Test Program 
This report contains the results of the tests on the two-way slab 
with stiff beams (Structure No. 3)0 The test structure consisted of nine square 
panels, arranged three by tbreeo 
A total of 39 tests were carried out on the structure 0 Six of these 
tests were at a load level below the estimated cracking load of the structure, 
seven were at the design load, 21 were to 100 DL + 200 LLJ t~~ee .were to 
1.0 DL + 400 LL and two were tests of failure, one of the structure and one of 
the interior panel. 
At each load level, the first test of the series was with all panels 
of the structure loadedo The later tests at the same load level included 
single panel loadings and checkerboard loadings to produce maximum moments at 
the various critical sectionso There were no strip loadings. 
In each test, the data collected included measurement of the strains 
in the reinforcement and concrete, measurement of the deflections and observa-
tion of the cracking 0 The strains were measured with SR-4 electrical resistance 
strain gages and a semiautomatically balanced strain indicator which was con-
nected to punch the strain measurements directly into IBM cardso The deflections 
were measured with dial gageso 
1030 Object and Scope of Report 
This report describes the results of tests on the quarter scale model 
two-way slabe The objectives of the report are~ (a) to describe the behavior 
of the structure at various load levels; (b) to determine the bending moments 
in the structure, the distribution of these moments J and the changes in distribu-
tion as the load level or the loading pattern is changed; (c) to compare the 
measured moments with the moments obtained by theoretical analyses and the 
-5~ 
moments prescribed by the various design procedures; and Cd) to compare the 
strength of the structure with that indicated by a yield-line analysis. 
Five tests have been described in this reporto They are the tests in 
which all the panels were loaded to the design load} to 1.0 DL + 200 LL, to 
1.0 DL + 400 LL, and to failure. The fifth test described is that in which the 
interior panel alone was loaded to failure. The moments in the tests to 
1.0 DL + 2.0 LL and 400 LL have been determinedo Moments were not computed for 
the test to design load because the measured strains were so low that they 
could not be reliably related to the moments. In addition, the moments for 
several of the checkerboard and single panel loadings were computed and used 
to show the magnitude of increases that could be expected for "maximum moment 
loadings~ as compared to the moments when all panels were loadedo The results 
of the tests to failure were compared with the results of yield-line analyseso 
Chapter 2 through 6 describe the test structure, the materials, the 
loading system, the instrumentation and the loading patterns and levels for 
individual testso The description of the behavior of the structure in five 
tests is included in Chapter 7. The relationship between measured strain and 
bending moment is explained in Chapter 8, and the moments across the full width 
of the test structure as obtained from the strain measurements and the measured 
reactions are compared in Chapter 90 The redistribution of moments that 
occurred between the design load and 100 DL + 4.0 LL is discussed in Chapter 10. 
The measured moments at 1.0 DL + 200 LL for all panels loaded and for the 
maximum moment loadings are presented in Chapter 11, and these moments are com-
pared with the design and theoretical values in Chapter 12. The strength of 
the structure is investigated in Chapter 130 Chapter 14 presents a summary 
of the report. 
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20 DESCRIPTION OF TEST SLAB 
2.10 Description of Prototype Structure 
The test structure was a quarter scale model of a typical two-way 
slab structure. An over-all layout of the prototype structure is shown in 
Fig. 1. 
The prototype structure was a nine panel floor with square panels 
measuring 20 ft on column centerlineso It was designed according to the pro-
visions of the ACI Building Code Requirements for Reinforced Concrete (318-56), 
Section 709, Method I for 99Two-Way systems with supports on four sides n (1) c 
The structure was designed by the engineering firm of Paul Rogers and 
Associates J Chicago, Illinois 0 
The slab was 6 in. thick, which resulted in a dead load of 75 psf. 
The design live load was 70 psf, for a total of 145 psf. Of the live loadJ 
30 psf was for partitionso The edge beams were designed to carry a wall load 
of 400 Ibs per lineal ft in addition to the load from the slab and their own 
weight 0 
The interior beams were 12 in. wide and the over-all depth was 20 in. 
The edge beams were 12 in. wide and 17 in. deep. The slab and beam cross 
sections are shown in Fig. 20 
The reinforcement in both the slab and beams was of 1/2-in. square 
bars to facilitate scaling down of the structure for the model, in which l/8-in. 
square bars were used. Thus a direct ~bar-for-bar~ substitution could be made. 
The layout of the slab negative moment reinforcement is shown in 
Fig. 3. The positive slab reinforcement arrangement is shown in Fig. 40 The 
longitudinal beam steel and stirrup locations are shown in Fig. 5. 
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The corner columns were 16 inc square, the edge columns measured 
16 by 24 in. in cross section with the long faces parallel to the edge of the 
slab. The interior columns were 24 ino square 0 The columns were reinforced 
with No~ 8 round deformed bars, supplied at a nominal ratio of one percent. 
The column reinforcement details are shown in Figo 60 
The slab and columns were designed to be located several floors 
below the roof of a multi-story structureo The story height was 9g-0~ center-
to-center of slabso 
The design stress for the concrete was 1350 pSi, and the design COID-
pressive strength, fi, was 3000 psi. The design stress for the steel was 
c 
20,000 psio 
2.2. Description of the Test Structure 
The over-all layout of the test structure is shown in Figo 7· The 
structure was a nine-panel slab, with the panels being 5B _098 center-to-center 
of columns. 
All dimensions were scaled down directly from the plans for the 
prototype slab by a factor of one quarter 0 The slab was 1-1/2 in. thick, and 
all of the beams were 3 inc wide. The over-all depth was 5 in. for the 
interior and 4-1/4 in. for the exterior beamso A cross~sectiona1 view is shown 
in Fig. 2. 
The slab reinforcement was of l/8-in. square bars. All of the bars 
were straight. The layout of the slab steel is shown in Figso 8 and 9. 
Figure 8 contains the information for the negative moment reinforcement and 
Figo 9 contains the layout of the positive moment reinforcemento 
The beams were reinforced with 1/8-in. square and 1/4-in. diameter 
round bars 0 The l/4-in. rounds were used to reduce the congestion of steel, 
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particularly in the negative regions over the columns j to facilitate the 
placing of the concrete. Although stirrups were not required for shear J they 
were used to resist torsion and to provide a means of holding the negative 
beam steel in place. The stirrups were U-shaped and were made from No. 10 
black annealed wire. The arrangement of the beam steel and stirrups is shown 
in Fig. 10. 
The corner columns were 4 in. square and the edge columns were 4 by 
6 ino with the 6-ino face parallel to the edge of the structureo The interior 
columns were 6 in. square 0 The columns were reinforced with Noo 3 round de-
formed bars. The column ties were bent from l/8-ino square bars. In addition 
to the normal ties, 1/4-in. round bars were welded around the top of each of 
the cages of the column steel for special anchorageo This could be critical 
since the bars were not carried on through the slab and into another column 
as would normally be the case. The column steel and ties are shown in Fig. 11. 
The columns were pin-ended j being supported on polished steel balls 
fitted in sockets at the top of the reaction dynamometerso The columns had 
3/4-in thick steel base plates drilled to fit the ball bearings, and the plates 
had 1/4-inodiameter studs welded to them to insure their connection to the 
columns. 
The columns were lU-3-7/8~ in height from the center of the slab to 
the center of the supporting ballso The length was chosen, by means of an 
elastic analysis, so that the stiffness of the pin-ended interior columns 
located only below the floor would be the same as the stiffness of an interior 
column extending both above and below the flooro The prototype columns were 
assumed to have the far ends fixed J and the analysis was based on the plain 
gross section of the concrete. The columns were also assumed to be infinitely 
stiff between the top of the slab and the bottom of the supporting beam. 
=ll~ 
2030 Relationship of the Test Structuxe to the WFl"ototypeW1l 
The test structure was scaled dm~"'n by a factor of 1/4 from a structuxe 
wi th 20 by 20-ft panels 0 The reinforcing bars did not have deformations 0 The 
aggregate for the concrete was of a rather small sizeo ,All these factors raise 
doubts about the relationship between the behavior of the model structuxe and 
that of a full-sized structureo 
First; it must he emphasized t.hat the material for the test structure 
was reinforced concreteo Thus it could have been designed directly according 
to the provisions of the AGI Building Code except for limitations of the minimum 
dimensions and deformations in the barso The fiv€=foot panels of the test 
structure were models of the 20=ft panels of the prototype only as ~uch as the 
20-ft panels of the prototype would be models of the 40~ft panels of another 
slab. The design was executed for a 20=ft structure which was then scaled 
downy because a typical structure was desired and it was easier to prepare 
such a design in the normal range of dimensions 0 ThUE,y the test structure was 
a small-scale two-way slab and not necessarily the moo,el of a bigger slab 0 
The stress-strain curve in axial compression of the COnCI"ete used 
in the test structure was similar quantitatively and qualitatively to that for 
concrete used in full-sized reinforced concrete stru:;;tureso The stress-strain 
characteristics of the reinforcement 'were the same as those of intermediate 
grade steel. Tests on beams made with the concrete and reinforcement used in 
the test structure showed that the moment-curvature relationship for these 
beams could be predicted with methods based on tests of full-sized reinforced 
concrete beamso 
If the behavior of the test structure must be related to what would 
have happened in the prototype slab with 20 by 20~ft panels; the following 
relationships may be used for the loads and deflectionso The stress in the 
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slab is directly proportional to the load per unit area and the cube of the plan 
dimensions and inversely proportional to the cube of the depth 0 Thus, the 
ratio of the stress in the model, om' to that in the prototype, crp ' is 
where 
(] W 
m m 
-=-(] W 
P P 
W = load per unit area in the model 
m 
w = load per unit area in the prototype, since the scale factor for p 
the plan and depth dimensions is the same and since the value of Poissonus 
ratio for the model may be assumed to be the same as that for the prototypeo 
The model is made of reinforced concrete, the same material as the prototypeo 
Thus, it is a "stress model u and Orr!(]p = 1. Therefore, the load per unit area 
on the model corresponds directly to that on the prototypeo For line loads, 
however, such as the wall load on the beams, to have the same stress in the 
model and in the prototype, the model load is related to the prototype load by 
the scale factor 1/4 since the stress is proportional to the square and not the 
cube of the plan dimensionso 
Since the dead load of the slab per unit area is proportional to the 
depth, it was reduced to 1/4 of that in the prototypeo However, this was com-
pensated partially by the weight of the load distributing systemo The remainder 
was made up by the applied loado 
The deflection is directly proportional to strain and to the square 
of the plan dimensions and inversely proportional to the depth 0 Thus, for the 
same strain CLDd strain distribution in the model and the prototype 
6. L 1 m m 
-=-=1. 6. L J..j-
P P 
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where ~ = deflection of the mocel m 
~ deflection of the prototype p 
L = model span m 
L prototype span. p 
The width of the cracks in the test structure cannot be related 
directly to those that would have existed in the prototype. Presumably, the 
prototype would have deformed bars and would have smaller crack widths. However, 
in the two-way slab the crack width is controlled by more dominant factors than 
the bond characteristics of the steel. In the negative moment region, the high 
stress gradient across the span of the slab dictates that there be only one 
crack at the face of the beam. Thus, in that location, the bond strength of 
the bar and the tensile strength of the concrete would not be critical. In the 
positive moment region, the crack spacing is usually dictated by the spacing 
of the transverse bars. Therefore, the bond characteristics of the bars are 
not very important. Consequently, it would not be unreasonable to expect a 
good correlation between the width of the cracks in a "prototype9t and the test 
structure. 
The reduction in dimensions for the model does not change the 
relations among shear, torsional and bending stresses that sould have existed 
in the prototype. However, the tensile strength of the concrete used in the 
model was higher in relation to the compressive strength than the tensile 
strength of large-sized aggregate concrete would be. Consequently, the strength 
of the members of the test structure under combined bending, shear and torsion 
would be expected to be greater than that of a full-sized structure having 
concrete of comparable compressive strength 0 
Shrinkage strains in samples of the concrete used in the test structure 
were found to be about 0.00050 This magnitude is not excessively higho The 
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actual shrinkage strains in the test structure could have been no less or more 
unpredictable than those in an ordinary structureo 
To sum it up, it must be emphasized that the test structure was 
analyzed as a structure in its own right and not as a model. 
3. MATERIALS AND CONSTRUCTION OF TEST STRUCTURE 
301. Reinforcing Steel 
(a) Slab Reinforcement 
The reinforcing steel used in the slab was of liB-in. square AlSI 
B-1113 cold-drawn wireo This steel did not have the characteristic stress-
strain relationship desired, since it did not have a well-defined yield pointo 
The yield stress of the cold-drawn bars, based on an offset strain of 0.2 per-
cent, was about 75,000 psi. 
To obtain the desired stress-strain characteristics, the steel was 
annealed. The bars were cut into 6-ft lengths before annealing. The annealing 
was carried out at 13000F for a three-hour period. The temperature in the 
22-ft long annealing furnace could be controlled to within ± 3 deg. of the 
required valueo The annealing was done by the Fred A. Snow Company of Chicago. 
After annealing the average yield point was 42,000 psi. A representative stress-
strain curve for tba annealed 1/8-in. square bars is shown in Fig. 12. 
When the liB-in. square bars were received they were covered with a 
thick, tight-clinging coating of mill scaleo To improve the bond properties 
the mill scale was removed by washing the steel in a hot 20 percent solution of 
hydrochloric acido After the acid treatment, the steel was stored in a fog 
room for two weeks. During this two weeks the steel was washed with a hose 
stream every second day to remove loose rust and the steel was turned peri-
odically to insure uniform rusting. After the two weeks the steel was removed 
from the fog room, dried and the loose rust was removed with a wire brusho This 
left the surface of the steel slightly pittedo 
(b) Beam Reinforcement 
Most of the beam reinforcement was of 1/4-in. diameter plain round 
bars. This steel bad an average yield point of 50,000 psi. These bars were 
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initially coated with a thin layer of greaseo The bars were washed with 
solvent and then stored in the fog room for two weeksc After drying, the loose 
rust was removed 0 A typical stress-strain curve for this steel is shown in 
Fig. 130 
(c) Column Reinforcement 
The column reinforcing steel was of No.3 deformed barse The yield 
stress of these bars was 55,000 psi. No surface treatment was needed to 
improve the bond characteristics. 
(d) Stirrup Steel 
The stirrups were bent from black annealed No. 10 wire which had been 
rusted in the fog room. The average yield stress of this wire was about 
40,000 psi and had the stress-strain properties shown in Fig. 140 
302 Concrete 
The concrete used was a small-aggregate mix because of the size of 
the sections and clearance requirements of the test structure. A mix with 
(a) compressive strength of 3000 pSi, (b) that could be placed by han~ and 
(c) that would not bleed was required. Extensive trial batching had been 
carried out when the two previous slabs were cast, so no additional trial 
batches were made. 
The concrete was mixed in 600 Ib batches in a non-tilting drum rotary 
mixer of 6-cu.ft:capacity. The aggregate was 80 percent by weight Wabash River 
gravel and 20 percent fine lake sando The fineness modulus of gravel was 2081, 
of the lake sand 1.38 and for the blended aggregate the fineness was 2.53. 
Type I cement was usedo 
Two sizes of test cylinders were cast and then tested at various 
times during the testing of the structureo Seventy-four 2 by 4-ino cylinders 
-17-
and 16, 4 by 8-in. cylinders were cast. In addition, 20 beams 1 1/2 in. deep, 
2 in. wide and 17 in. long were cast to provide modulus of rupture data. 
Testing of the slab began 76 days after casting and some cylinders were tested 
at that time. Eighty days after casting, the beam specimens were tested. They 
were loaded at the third points of a 15-in. span. 
Table 1 contains a tabulation of the data on water~cement and-. 
aggregate:cement ratios, compressive strength, modulus of elasticity and modulus 
of rupture of the test specimens at the various times when they were tested . 
. Thirty-four 2 by 4-in. cylinders were tested when they were 76 days 
old. The average strength was 2830 pSi, with values ranging from 2390 to 
3850 psi. The initial modulus of elasticity was 300 x 106 psi. The 16, 4 by 
8-in. cylinders were also tested, giving an average compressive strength of 
3420 psi, with a spread of results from 3030 to 3740 psio The modulus of 
elastiCity of the 4 by 8-in cylinders averaged 3.08 x 106 psi. The average 
modulus of rupture at eo days was 590 pSi, with individual values ranging frcom 
480 to 680 psi. 
Twenty-two 2 by 4-ino cylinders averaged 2610 psi at 139 days, the 
extreme values being 2130 and 3660 psi. Eighteen 2 by 4-in. cylinders were 
tested at 185 days, and averaged 2510 psi. The minimum strength was 1820 psi 
and the maximum 3560 psi. The modulus of elasticity of these cylinders 
. 6 
averaged 2.90 x 10 pSi. 
3.3 Formwork 
Most of the formwork was made of 3/4-ino plywood sheets. The bottom 
sheets for the slab sections were supported on 2 by 6-in stringers and on the 
beam fo~. The 2 by 6-in. stringers were in turn supported on 4 by 6-ino 
beams, which rested on the reaction piers and tie-beams of the reaction frameo 
-18-
The edges of the slab were formed by steel channels in order to give 
a rigid and uniform edge to the forms. The rest of the edge beam forms were 
either bolted or clamped to the edge channel. The bottoms and backs of the 
edge beam forms were cut from 2-ino thick wood. The interior beam forms had 
bottoms cut from 2-in. stock and sides of 3/4-ino plywoodo These beam forms 
were part of the system of supports for the slab bottom forms. 
The column forms were assembled from 3/4-ino plywood and 2-in. stocko 
Steel bottom plates were provided for the columns and these fitted the polished 
steel balls on the reaction tripod dynamometers. 
The formwork was carefully aligned and leveled to give the best 
possible dimensional control. Bracing against the reaction frame and supporting 
piers waswpplied to give the desired rigidityo 
The forms were coated with nSlippitW after they were finishedo 
3.4. Steel Assembly and Placement 
The column vertical steel and the ties were assembled into cages and 
1/4-in round rods were welded around the top of each of the cageso 
The beam positive steel and the stirrups were tied together before 
placing in the slab. The column and beam steel cages were put into the forms 
together, as the various bars had to be interlocked. After the cages were in 
place and tied to the forms, the negative beam reinforcement was woven into the 
stirrups and column steel and tied in place. The 1/4-in. bars welded to the 
column cages were cut where necessary to allow the beam steel to pass through. 
Cork blocks were tied to the beam steel at each of the locations where a 
strain gage was to be placedo The blocks were tied to the positive beam 
reinforcement cages before placing in the forms J and to the negative beam re-
inforcement after the bars had been threaded into place and tied. In both cases, 
the steel bar was polished with a small grinder before the cork block was tied 
to ito 
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The slab reinforcement was assembled into mats before placement in 
the forma The assembly was done in jigs, and about three-quarters of the bar 
intersections were tied in the positive mats and all intersections were tied 
in the negative matso The cork blocks were again wired to the mats wherever 
a strain gage was to be placedo 
In the placing of the slab reinforcement, bar supports were made by 
cutting l/8-inc slots in 1/4-ine square bars" Several heights of supports were 
used to insure holding the various bars at'exactly the correct distance above 
the bottom of the slabo Each positive mat, of which there were nine, was 
supported at about 25 locations, and the support was always tied down to the 
form~ Each negative mat was supported at about 12 places, and there were 24 of 
these matso The supports which clipped onto the negative steel also attached 
to a positive reinforcement bare 
3 · 5 Casting and Curing 
The slab was cast 31 July 19590 Eleven 600-lb batches of concrete 
were requiredo ~llxing began at 8~40 a.ID. and the last batch was placed at 
Concrete was placed using buckets, pushed into place by hand and 
consolidated with an electric internal vibratoro Three temporary screed 
s;uP.p'orts were used, and these divided the slab into four 'parallel strips. 
The first concrete was placed in the south-west corner, and carried easto The 
placing continued zig-zag fashion through the strips, and ended at the north-
west c.ornero The location of each of the batches of concrete in the slab is 
shown in Fig. 15. 
The concrete was carefully consolidated in the columns and beams 
with the internal vibrator, and the column and edge beams were also vibrated 
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externally. The concrete in the slab was consolidated with a vibrating screed, 
made by attaching an internal vibrator to a 4-in. channel. After the adjacent 
strip had been placed and vibrated, each strip was screeded a second time, using 
a wooden finishing screed. The temporary screed rail was removed as soon as 
the strips on both sides of it bad been finished and the hole that remained 
was filled with concrete and troweled smooth. Final finishing consisted of 
steel troweling the entire top of the slab. 
Eight hours after casting was completed the slab was covered with 
burlap and wetted down 0 The burlap was kept wet for seven days. The burlap 
was then removed and the forms struck. As soon as the surface of the slab 
was dry it was given a coat of nTraffic Whiten to reduce moisture loss by the 
concrete 0 At the same time all of the test specimens were also painted and 
stored under the slab. 
3.6. Finished Condition of Slab 
Before testing began, the thickness of the slab was measured at 186 
locations. The average thickness was only 1/3 of 1/64 in. over the desired 
1-1/2 in. The maximum positive deviation was 1/8 in., the negative 3/32 in. 
Figure 16 is a contour plot showing the deviations in thickness from the 
desired 1-1/2 in. The contour interval is 1/32 in. 
The slab was examined for shrinkage cracks before the loading 
equipment was placed, and no cracks were found. The corner columns had lifted 
off of the reactions because of the shrinkage strainso The dynamometers were 
shimmed up into contact with the column base plates, and had to be raised by 
as much as 1;16 in. 
40 LOADING SYSTEM 
4.l~ Loading Frame and Reaction Piers 
The 16 reaction piers were concrete blocks 18 ino s~uare and 5 ft 
high. These piers were tied together at the top by steel beams cast in the 
concrete to resist overturning forces (Figo 17). 
The loading frame was made of three steel bents which crossed the 
slab in the north-south direction. The verticals of the frames were lO-in. WF 
columns, and the cross beams 18~ino channel sections,to which the loading jacks 
were bolted. The verticals were bolted to floor beams on each side of the 
test set-up and the floor beams were in turn bolted to the floor of the 
laboratory 0 An elevation plan of the reaction and loading frames is shown in 
Fig. 17. The frames are also shown in the photographs of Figso23 and 24. 
4.20 Load Distributing System 
The load on each panel was applied by one jack, and distributed 
equally to 16 loading pOints or pads, by means of a pyramidal system of bars. 
A view of this system is shown in Fig. 18. 
Starting from the slab and working up, the first part of the system 
was an 8 by 8 by 3/4-ino thick steel plate resting on a 3/8-in gray sponge 
rubber pado The rubber pad distributed the load, and was flexible enough to 
prevent any significant lateral forces from being transmitted to the slab. 
On top of each four of the loading plates was an H-frame made of 
small bar stocko One end piece of the H-frame was welded to the cross piece, 
and the other was hinged, to give a stable, statically determinate syste. A 
one-inch steel ball provided the connection between the H-frame and the loading 
pads as each point was socketed to take the ball. 
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The top layer of the system was a larger H-frame which rested on the 
centers of the smaller H-frames, again transmitting load through steel ballso 
The cross bar of the large frame was a 5-inc WF beam, and the end pieces were 
solid bar stocko Again, one bar was welded and the other hinged 0 The center 
of the top flange of the cross-piece was reinforced with a plate, which was 
drilled to receive the one-inch ball on which the load jack bore .. 
Four electric strain gages were placed on the flanges of the 5-in. WF, 
and these beams were then calibrated for use as load-measuring dynamometerso 
The strain gages were wired to form a ftfour-arm bridgeft j with one pair working 
in tension and the other in compressiono The sensitivity of the resultant 
system was about 90 lb per dial division change on the strain indicatoro Since 
the strain indicator could be read accurately to half a dial division, the load 
could be read to about 2 psf on the 5-ft square panel using this system 0 The 
load was also measured with more sensitive O-dynamometers as described in 
Section 5030 
403 0 Hydrauli c System 
The basic parts to the hydraulic system were the nine 20-ton capacity 
jacks and an electric hydraulic pumpo The jacks were bolted to the reaction 
frames directly over the center of each panel and the hydraulic fluid lines 
were led to a control manifold located over the center panel. 
Each of the lines from the control manifold had its own valve, so any 
combination of panels could be loadedo The input line for the manifold led over 
the edge of the slab to the pump 0 There was an oil pres sure gage in the line 
but it was read merely as a checko The loading was monitored by one of the 
electrical dynamometerso 
5 0 INSTRUMENTATION 
501. Strain Measurements 
Strains were measured at 341 locations on the test slab. All of the 
strain measurements were made with SR-4 electric strain gages. Steel strains 
were measured at 315 points on the top and bottom of the slab and on the be~o 
There were 82 gages on the positive moment reinforcement of the slab, 116 gages 
on the negative moment reinforcement of the slab, and 117 gages on the beam 
reinforcement. All gages on the reinforcement were Type Al2 SR-4 electric 
strain gages having a nominal gage length of 1 in. and a trim width of 1/8 ino 
Twenty-six strain gages were placed on the concrete. These were type 
A3 SR-4 gages, and were placed on top of the slab at midspan of two interior 
and two edge beams in order to measure the compressive strains in the portions 
of the slab that may be considered as the top flanges of the supporting beams. 
The locations of these gages are shown in Figo 19. 
There were four lines of symmetry in the plan of the test structure 
(both structure centerlines and both diagonal lines), so ideally only an eighth 
of the slab needed to be instrumented. However, three complete panels were 
fully instrumented, two others bad nearly the complete set of strain gages and 
the remaining four panels had strain gages at critical sectionso 
The instrumentation of the lower surface of the slabs in general 
consisted of lines of strain gages placed on the steel across the two center-
lines of the panels. In addition, in the fully instrumented panels, there were 
perpendicular pairs of gages placed near the quarter points of the panelso 
Four panels had only a pair of gages at the centers. Each line of gages was 
made up of five gages, one at the center, one near each edge and one at each 
quarter point. The locations and designations of the bottom steel strain gages 
are shown in Fig. 20. 
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The strain gages on the negative slab moment reinforcement were 
located over the interior faces of the supporting beams of the panel. In five 
panels, there was a row of five gages on each edge of the panel, and in the 
four remaining panels there was a single gage at the center of each side of 
each panel. The locations and designations of the top steel strain gages are 
shown in Fig. 19. 
Strain gages were located on the steel in the beams at both ends and 
at the center. The end gages were located directly over the face of the 
column. If the beam was located adjacent to a fully instrumented panel each 
critical section bad two strain gages. Otherwise there was only one gage at 
each critical section. The locations and designations of the beam steel gages 
are·shown in Fig. 21. 
5.2. Reaction Measurements 
The column reactions were determined from sixteen dynamometers J one 
for each column, which were instrumented and calibrated to measure the components 
of each column reaction in three directions. A photograph of one of these 
dynamometers is shown in Fig. 220 Each dyP~mometer was a tripod conSisting of 
a base plate J three tubular steel legs, a ball seat and a polished steel ball. 
The base was made of 3/4-ino steel plateo The legs were machined from pieces 
of 3/4-ino plate cut parallel to the direction of rolling and had outside and 
inside diameters of 1/2 ino and 3/8 ino J respectively. The material for the 
legs was T-l steel, a low carbon~ quenched and tempered alloy steel which had a 
proportional limit stress of about 100 ksi and an ultimate stress of 127 ksi 
as determined from samples cut parallel to the direction of rolling. 
The polished steel ball was 3/4 in. in diametero The ball seat was 
attached to the tops of the legs with a recessed pocket such that the' axes of 
the legs intersected at the center of the ball. 
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Ideally, the joints in the dynamometer should have been binged to 
prevent bending in the legs. Since this was not practical, the joints were 
brazed. To insure strong connections, the base plate and ball seat were 
drilled to receive the legs, and the legs were then brazed into the holes. 
The dynamometers were instrumented with two Type A7 SR-4 strain gages 
on each leg •. The axes of the gages coincided with that of the leg.. The gages 
were mounted at mid-height on opposite sides of the leg at pOints which would 
be intersected by a circumference of a circle passing through the axes of the 
three legs of the dynamometer. In order to average the strain indicated by 
each leg, the two gages were connected in series in the electrical circuit 0 
The dynamometers were calibrated by loading in three different known 
directions. For a unit load in a given direction, the average strain indicated 
by the strain gages was'.;the preliminary Q.ynamometer constant 0 After designating' 
the legs of the dynamometer as 1, 2 and 3 and the three selected directions 
also as 1, 2 and 3, a set of nine constants, three for each leg, was obtained 
as follows when the load was applied in directions 1, 2 and 3~ 
Direction 1 Direction 2 Direction 3 
Leg 1 Cll C12 C13 
Leg 2 C21 C22 C23 
Leg 3 C31 C32 C33 
When a force of unknown direction and magnitude was applied to the 
dynamometer, three strains were registered, one in each leg, such as ~, 6 2 
and ~. The magnitude and direction could be determined by writing three 
equations for the three strains in terms of the components of the load in the 
three directions of calibration 1, 2 and 30 
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~ Cll PI + C12 P2 + C13 P3 
~2 = C21 PI + C22 P2 + C23 P3 
~ = C31 PI + C32 P2 + C33 P3 
In order to obtain the reactions directly, the matrix was inverted 
to give the values of PI' P2 and P3 in terms of ~, ~ and ~o 
PI = IS.l ~ + IS.2 ~2 + ~3 ~ 
P 2 = K21 ~ + IS2 ~2 + K23 ~. 
P3 = ISl ~ + IS2 ~2 + IS3 ~ 
The final d~~mometer constants, F~ were f1L~ctions of the prelimip~ry 
constants, Cl which were determined directlyo Since the directions of calibra-
tion did not have to be co-linear with the desired systems of axes, the dyna-
mometers under the edge and corner columns were placed so that two legs in 
compression resisted the outward thrust in order to distribute the stresses in 
the legs more uniformly. The final dynamometer constants were then modified 
according to the orientation of the dynamometer to give the vertical, north and 
east components of the column reaction directly. 
After calibration, the reaction dynamometers were placed on the 
reaction frame shown in Fig. 17 and described in Section 401. They were bolted 
to 3/4-in o steel bearing plates on top of each reaction piero The machined 
bearing plates bad been leveled and adjusted to the same elevation with a 
surveyors level. The dynamometers can be seen in FigsQ 23 and 240 
5030 Load Measurements 
The applied load on the slab was measured by means of two sets of 
dynamometers. One set, the 5-in. WF beams of the load distributing system, has 
already been described in Section 4.20 
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Another set of more sensitive dynamometers was constructed for this 
slab testo The working part of the dynamometer was. a ring of T-l steel loaded 
perpendicular to its plane at the third points and supported at the intermediate 
third points on the opposite side 0 Twelve Type A7 SR-4 strain gages were 
applied, one opposite each load or support point and one as near each such 
point as possible. The ring was loaded through 3/4-ino balls, and ball seats 
were drilled into the ring 0 Heavy steel plates, drilled with matching ball 
seats, were used above and below the ring to transmit the load to the ringo 
Figure 25 shows the dynamometer in detail. 
The load capacity of this dynamometer was computed to be about 
13,000 lbs when made from T-l Steel with a yield pointof'lOO,OOO psie A load 
of 13,000 lbs was applied without causing any apparent yieldingo The sensi-
tivity was about 25 lbs per dial division change on the strain indicatoro The 
strain indicator was read to 0.1 dial division and was considered accurate to 
0.5 dial division, giving a load sensitivity of about 1/2 psf on the 5-ft 
square panel. 
The strain gages were wired for use as a four-arm bridge measuring 
circuit 0 Each arm of the bridge was made up of three strain gages wired in 
series 0 For example, one arm was made of the three gages located opposite the 
load points on one side of the ring and another arm of the three gages located 
close to the loading points on the same side of the ring. 
5040 Deflection Measurements 
The vertical deflections of the structure were measured at 33 
locations with O.OOl-ino dial gages in all of the testso Deflections were 
measured at the center of each panel and at the center of every beamo The 
locations and deSignations of all the deflection gages are shown in Fig. 260 
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The dial gages under the centers of the panels were supported by 
adjustable stands resting on the laboratory flooro The beam deflection dials 
were supported on the tie beams of the reaction frameo 
5.50 Torsional Rotations 
Torsional rotations were measured on the west edge beam during the 
tests to 4.0 LL and to failureo Pairs of O.COl-in. dial gages were used at a 
corner and edge column and at the centers of a corner and edge panel spandrel 
beam to measure this rotation. 
On the test to failure of the center panel alone, rotations of the 
west beam were measured at the north end and center with the same type set-up 0 
5060 Reading and Recording 
All strain gages were wired to a large switchboard, in which one 
switch point was provided for each load dynamometer, strain gage, reaction dyna-
mometer leg and check gageo A switch point was also provided for each dummy 
gage needed to match the various types of strain gages~ The check gages were 
strain gages mounted on a block of iron and their purpose was to provide 
information on the magnitude and direction of electrical drift during testingo 
The switch bank was connected to a portable strain indicator, which 
was balanced semiautomatically by an external servomechanism mechanically 
coupled to the indicator 0 The servomechanism was a Leeds and Northrup Type G 
Speedomax} which was wired to sense the deflection of the strain indicator 
dial and then drive the slide wire of the strain indicator until the dial 
deflection was reduced to zeroo 
From the strain indicator the strain data were fed directly into an 
analog-to-decimal converter unit (Benson-Lehner Decimal Converter). The strain 
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data were taken directly rrom the decimal converter into an IBM card punch 
unit and into an automatic typewriter 0 The strains were thus punched into 
IBM cards and tabulated as well. The strain data J including computation of 
reactions, were reduced using IBM equipmento 
The load dynamometers were read and recorded manually both berore 
and after each load increment. There were 18 load dynamometers, and 401 other 
strain gages which were automatically balanced and recorded, so there was a 
total or 437 strain readings taken ror each load incremento 
The derlection dial gages were read and the data recorded and 
reduced manually. 
Other inrormation taken included oil pressure and time at beginning 
and end or each load increment, general observations of the behavior or the 
structure and data on the cracking of the slab 0 
60 TESTING PROCEDURE AND CHRONOLOGY 
601. Testing Procedure 
In each of the tests the load was applied in several increments, 
the number of increments depending on the maximum level of loading desired, the 
previous loading history and the expected behavior of the test slabo 
The first thing that was done during each test was to read the zero 
applied load deflections and strainso The electrical measurements were taken 
in the following sequence~ (a) load dynamometers read and recorded manually~ 
(b) six check gages, all of the strain gages, the reaction dynamometer gages 
and the same six check gages were read and recorded automatically and (c) the 
load dynamometers were read again. The deflection dial gages were read while 
the strain readings were being taken. 
The first increment of applied load was then applied with the jacks 0 
The proper values at the hydraulic control manifold were opened and the load 
applied 0 One of the load dynamometers was monitored continuously during 
loadingc Then the above sequence of readings was carried out again after the 
oil pressure and time were noted. In addition, the deflections of the centers 
of the panels were read a second time just as the last few strain gages were 
being read. 
If the applied load or loading pattern was expected to cause moments 
higher than previously obtained, the slab was examined for cracks. Cracks 
found were marked in pencil, and the number and increment of the test noted 
beside the crack. Seven-power magnifying lenses were used while looking for 
cracks. 
The loading process was repeated until the maximum load for the test 
was reached. After the readings at the maximum load had been finished, the 
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structure was unloaded and zero load readings were taken 0 The structure was 
then reloaded in one increment to the maximum load level reached before~ and 
the strains and deflections again recordedo Then the slab was again unloaded 
and the zero load readings repeated 0 
602 • Chronology 
A total of 39 tests were carried out on the structure over a period 
of about 10 weeks. A complete list of panels loaded in each test, load level, 
test number and dates is contained in Table 20 
Test 300 involved only the strain and deflection readings before 
and after the loading frames were placed on the slab 0 The frames weighed 
22 psf, and when added to the 19 psf weight of the slab, this made a permanent 
dead load of 41 psf on the structure 0 Any load applied with the jacks is 
referred to as uapplied loadn , and when the Qapplied loadw is added to the 
41 pSf permanent load, the iltotal loadn is obtained 0 
The first test involving napplied load all was test 301, in which all 
panels were loaded to a total load of 100 psf, and was carried out on 6 October 
19590 This load level was picked as being below the estimated cracking load 
of the structure, in order to obtain information on an elastic structureo A 
total of six loading patterns were used at this load level. 
Test 307, conducted on 13 October 1959~ was the first test to the 
design load of the structure. The total load was 145 psfo Seven tests were 
carried out at the design load level. 
Test 314 was the first of 21 tests at a total load of 215 psf, or 
dead load plus twice the design live load level. This test was carried out 
on 29 October 19590 The 20 tests after the first one to this load level were 
designed to give the maximum moment conditions at all but two critical sections 
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of the structure j and included several different partial loading patterns and 
a single panel loading of each panel. 
Tests 335, 336, and 337, carried out December 10 to 14, 1959, were 
to dead load plus 400 design loads, or 355 psf total. The first test was for 
all panels loaded, and the other two were with loading patterns for maximum 
positive moment in the slabso 
Test 338 was the test to failure with all panels of the structure 
loaded, and was conducted 15 December 19590 The total load at failure was 
537 psfo 
Test 339 was the test of fallure of the center panel, E, and was 
made on 17 December 19590 The maximum total load was 829 psfo 
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7 0 BEHAVIOR OF THE TEST STRUCTURE 
7.1. Introductory Remarks 
Five tests are to be described in this cbaptero The behavior of 
the slab will be presented in terms of (a) deflections, (b) steel strains and 
(c) cracking 0 In all of the following discussions, only the effects of the 
applied load will be considered j and the effect of the dead load of the 
structure on the strains and deflections will be ignored 0 
The first test is Test 307, in which all panels were loaded to the 
design load of the structureo The others are Test 314J all panels loaded to 
DL + 200 LL; Test 335, all panels loaded to DL + 400 LL; Test 338, all panels 
loaded to the failure of the structure and Test 339 in which the interior panel 
was loaded to failureo 
The loading levels and patterns for the remainder of the tests are 
listed in Chapter 6 and Table 20 
702. Test 307 (Design Load) 
(a) Procedure 
The load was applied in three increments of 53, 86, and 108 psf, for 
a total load of 149 psfc This was the first test to full design load, the 
earlier tests baving been limited to a total load of 100 psf which was below 
the estimated cracking load of the structure 0 
(b) Deflections 
The maximum deflection due to the applied load of 108 psf was 
0.035 in. and occurred in a corner panel of the structure 0 This deflection is 
the deflection measured in this test only~ and disregards the permanent deflec-
tions caused by earlier loadings and by creepo The interior panel deflection 
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was 0.020 in. The maximum midspan. deflection of an interior beam was 0.018 in., 
and occurred in an interior beam perpendicular to the edge of the structureo 
The maximum spandrel beam midspan deflection was 0.011 in. and occurred 
adjacent to a corner panel. 
Several load-deflection curves are presented in Fig. 27. The first 
five curves are for the deflection at the centers of the panels, the next two 
for deflections of interior beams, and the last two represent spandrel beam 
deflections. Locations and deSignations of the deflection dial gages are 
shown in Fig. 26. All of the plots of load VSo deflection were nearly linear 
throughout the loading rangeo 
(c) Steel Stresses 
In obtaining stresses from the strain measurements the modulus of 
elastiCity of the steel was taken as 30 x 106 psio Any residual stresses 
previous to this test were ignored. At the design load all of the steel 
stresses were extremely IOWa The maximum stress in the positive-moment slab 
reinforcement was 1650 pSi, and the maximum stress in the negative slab rein-
forcement was 2650 psio The maximum steel stress measured was 4650 pSi, and 
occurred at the center of the interior beams perpendicular to the edge of 
the structure. The largest stress in a spandrel beam was 3120 pSi, and 
occurred at the center of a beam adjacent to a corner panel. 
Load-strain diagrams for several gages are shown in Figs. 28 and 
290 The first six curves in Fig. 28 are for strain gages on positive-moment 
slab reinforcement, and the remainder are for negative-moment strain gages. 
The curves in Fig. 29 are for gages mounted on steel in the beams. Nearly 
all of the load-strain curves are almost linear, with pronounced changes in 
slope in only very few instances. Gage CF3 shows the largest deviation from a 
straight line, the final strain being comparable to the assumed cracking strain 0 
The strain corresponds to about 4500 psi in the steel. 
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Figures 30 and 31 show the distribution of steel stresses across 
the width of the structure in the positive moment regionso The distributions 
of stresses in the negative moment regions are shown in Figso 32 to 340 There 
are two things that should be pointed out in Figo 30 which shows the steel 
stresses in positive moment section of the row of panels adjacent to the edge 
of the slab 0 One is that the stress in the beam steel is considerably higher 
than in the slab reinforcemento The second is that the stress in the slab 
steel adjacent to the beam is zeroo In the positive moment region across 
panels DEF (Figo 31) the stress in the beam steel was about the same as the 
maximum stress in the slab steel and both were extremely low. The largest 
negative moment stress across the north edge of the slab (Fig. 37) was only 
1000 psi. 
Figures 33 and 34 should be compared with each other, as they show 
the steel stresses just outside and inside the first row of interior columns. 
All of the strain gages at the exterior face of the first interior support 
line are on the same bars as the gages at the interior face of the same support 0 
In general, the stresses at the exterior face are higher by 10 to 20 percent 
than the stresses at the interior face. 
(d) Cracking 
The slab was examined for cracks with the aid of a seven-power 
magnifying lens at the maximum load level of this testo No cracks were found 
anywhere on the slab. The strain measurements at design load and the load-
strain curves did not give any definite indications of cracking 0 
7030 Test 314 (1.0 DL.~ 2.0 LL) 
( a ) Procedure 
The load was applied to the test structure in four incrementso The 
first increment was 104 psf applied load, for a total of 145 psf, and the next 
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three increments were about 25 psf eacho The maximum load reached was an 
applied load of 172 psf, for a total load of 213 psf, which corresponds to 
design dead load plus two live loadso The structure was examined for cracking 
after each of the three last load increments, since the first increment was 
e~ual to the highest load to-which the' structure had been subJected previouslyo 
In the following discussion and accompanying figures, the residual 
stresses and deflections have been ignored and only the values due to applied 
load during this test have been considered. 
(b) Deflections 
Load-deflection curves for several points on the slab are shown in 
Fig. 350 The first five curves are for points at the centers of the panels, 
the next two are for the centers of two interior beams and the last two curves 
represent .,'the deflections of two edge beams 0 All of these curves are nearly 
linear throughout the loading range, and the re s iduals were small. All of the 
residuals were less than one-quarter of the maximum deflection during the 
test. Locations and designations of the deflection gages are shown in Fig. 26. 
The maximum deflection observed was 00065 ino, and was measured at 
the center of a corner panelo The maximum deflection of an edge panel was 
00060 ino, and the interior panel deflection was 0.044 in. The largest 
interior beam deflection was 0.033 in. at the center of an interior beam 
perpendicular to the edge of the slab. The maximum edge beam deflection was 
0.019 ino 
The deflections in this test are of interest because the maximum 
load reached was 200 LL, which is the load specified for an acceptance test 
of a structure by Chapter 2, Section 203(b) of the ACI Building Code (318-56). 
The allowable deflection is D = L2/l2,'000t, in which all terms are in the same 
uni ts 0 L is the span length and t the total thickness of the slab.. For the 
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test structure, L = 60 in. and t = 1.5 in., so D = 0.20 in. The maximum 
deflection measured was 0.065 in.) which was only a third the allowable for a 
load test. The load was on the structure for only an hour, while the load 
test requires the load to be left on the structure for 24 hours, but it is 
obvious that the test structure far exceeded the deflection requirements for 
the load testo The ACI Code also requires that 75 percent of the deflection 
be recovered. This requirement was also met. 
(c) Steel Stresses 
The steel stresses were obtained by multiplying the measured strain 
by the modulus of elasticity of 30 x 106 psi. In this test, residual strains 
from previous testing were ignored since they were so small that there was no 
reliable way to evaluate the residuals. All stresses or strains re~orted are 
due to the applied' load only, and do not include the stresses due to the 
permanent loado 
The maximum steel stress in the positive moment regions of the slab 
was 4400 psi, recorded at the center of an edge panel in the span parallel to 
the edge of the structure. In general, the stresses in the positive moment 
reinforcement were 2500 psi or less. The first seven curves of Fig. 36 are 
load-strain curves for positive moment slab reinforcement. Figures 19 to 21 
show the locations of the strain gages on the test structure. 
The maximum stress in the negative moment regions of the slab was 
19,300. This stress was measured at the center of the interior negative 
section of the edge panel in the span perpendicular to the edge of the structure. 
The load-strain curve, for this gage, B43, is the last curve in Fig. 36. The 
last three curves in this figure and all in Figo 37 are load-strain plots for 
various representative negative moment strain gages. The majority of the 
strain gages on the negative reinforcement indicated stresses of only 5000 psi. 
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The edge beam maximum stress was 8050 psi and was measured at the 
center of a beam bordering a corner panelo The first five curves of Figo 38 
are for strains in the edge beams~ starting from the corner of the slab and 
working toward the center of the edge 0 The second five curves are for strains 
in the interior beams. The first curve is for the negative moment at the edge 
column, and each following curve is for another critical section, working to 
the center of the slab. The maximum stress in an interior beam was 13,600 pSi, 
and was recorded at the center of an interior beam which was perpendicular 
to the edge of the test structure. 
Figures 39 to 43 show the distribution of measured steel stresses 
across the width of the test structure 0 The first two figures are for the 
positive moment regions of the end and center spans, and the next three are 
for the negative moment regions. Figure 39, depicting the end span positive 
moment reinforcement stresses, shows that the stresses in the beam steel were 
at least twice the stresses in the slab reinforcement. As in Test 307, the 
stresses in the slab reinforcement adjacent to the beam were quite low, 
although not zero. FigUre 40, showing the distribution of the steel stresses 
at the center of the interior span, indicates that the maximum stresses in 
the slab and beam reinforcement were comparable. 
The stresses at the exterior negative moment section perpendicular 
to the spandrel beams were quite low (Fig. 41)0 The maximum beam stress was 
under 2500 psi, and the maximum stress in the slab steel was less than 
2000 psi 0 
Figures 42 and 43 show the distribution of steel stresses on the 
outside and inside faces of the first line of interior supports. In general, 
the stresses at the exterior face of the support were appreciably higher than 
those at the interior face, with the exception that the exterior beam stress 
-39-
was about the same on both sides of the column. The stress indicated by gage 
A41 was only a third of that measured at c43. Ideally, these gages should have 
measured identical strains. The differences could have been in the location 
of the cracks with respect to the gage. However, the difference in the indi-' 
cated moment is not nearly as great since the relationship between bending 
moment and strain is not linearo This will be discussed in Chapter 80 
At the two faces of the first interior support, the stresses in the 
slab reinforcement were higher than those in the beamso 
(d) Cracking 
Only a small amount of cracking occurred in the test to 200 LL 
(Test 314). No cracks were found on the bottom of the slab, and none of the 
steel strains were large enough to indicate cracking 0 Only four cracks were 
found on the upper surface of the slab 0 The location of these cracks is shown 
in Fig. 440 All were at the interior negative regions of the edge panel in 
the span perpendicular to the edge of the slab 0 
The measured steel strains at the interior negative sections of the 
corner panels indicated that cracking had occurred at part of these sections, 
but the cracks were not found by visual examination of the slab with magnifying 
lenses. Cracking was found at the center of the interior beams perpendicular 
to the edge of the slab. In all cases, the cracks that were found were small 
and hard to trace. 
7 e 4 . Test 335 (1. 0 DL +400 LL) 
( a ) Procedure 
The load was applied to the test structure in eight increments. The 
first increment was to DL plus 1.0 LL, the second to 200 LL and the following 
increments were about 25 psf each. The maximum applied load was 312 psf 
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(Total load 353 psf)o All strain gages and deflection dial gages were read 
at each load increment. The slab was examined for cracks when the load level 
was at 3.0 LL and again at 4.0 LL. 
(b) Deflections 
Figures 45 to 49 show load-deflection curves measured at various 
points in the test structure. The deflections at the center of five different 
panels are plotted against load in Fig. 450 The curves are linear up to an 
applied load of about 180 psf, which corresponds approximately to the previous 
maximum loading. The maximum deflection, not including the permanent deflec-
tions due to previous loadings, was 0023 ino y and was measured in a corner 
panel. The maximum edge panel deflection was 0.21 in. and the interior panel 
deflection was 0.16 ino From the shape of the load-deflection curves J it would 
appear that no severe structural damage occurredJ because the curves would 
approach a horizontal line as the failure load was reached unless a brittle 
shear, bond or compression failure occurred 0 
Figures 46, 47, and 48 are cumulative load-deflection curves for the 
centers of the corner, _edge and interior panels , respectively 0 The deflections 
for four tests in which all panels were loaded are plotted. The tests plotted 
are 301J 60 psf applied load; 307, DL + 100 LL; 314, DL + 1.0 LL and 335, 
DL + 4.0 LL. The deflections shown between the tests were the result of 
residual deflections in the other tests in which the slab was loaded with 
patterns to give maximum moments at the various sections of the structure and 
also a result of time dependent deflections due to the dead load of the slab 
and load distributions frameso 
A smooth curve can be drawn through the pOints corresponding to the 
loads and deflections of Test 301 and the higher loads of each of the following 
tests 0 The resultant envelope should represent the load-deflection curve that 
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would be obtained if the structure were loaded to failure in a continuous 
operation. 
It is also interesting to note that the final deflection of each of 
the pauels was about the same 0 This is of some significance, since the initial 
slope of the load-deflection curve for EO (Fig. 48) was considerably greater 
than for AO (Fig. 46) or FO (Fig. 47). This could be an indication that 
nstructural damageD in the interior panel, while beginning at a higher load 
than in the edge and corner panels, progressed faster than in the other two 
panels 0 
Load-deflection curves for eight beams are shown in Figo 490 The 
first four curves are for edge beams and the second four are for interior 
beams 0 For the beam deflection~ there were no important deviations from a 
straight line up to a load of about 225 psf (2-2/3 LL) was reached, and the 
deviations above that load were small. The locations and deSignations of the 
deflection dial gages are shown in Fig. 260 
(c) Steel Stresses 
Representative load-strain curves indicated by strain gages mounted 
on the reinforcement are plotted in Fig. 50 to 58. In these figures, the 
residual strains due to previous loadings have not been taken into account, 
and the plotted strains are those resulting from the applied load during this 
test (335) only. 
The largest stress produced in the psoitive moment reinforcement 
of the slab was 2602 kSi, including residualso This stress was measured at 
the center of an edge panel in the span parallel to the edge of the structure 0 
Load-strain curves for several gages mounted on slab positive reinforcement 
are shown in Figso 50 and 51. The abrupt reduction in slope of the curves 
corresponds to cracking in that portion of the slab. In some gages the change 
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in slope occurred very abruptly~ while in others there was a transition zone 
in the curve. Most of the strain gages on the slab positive moment steel 
indicated a total stress of less than 20,000 psi at 400 LL 
Figures 52 to 55 show load-strain curves for negative moment 
reinforcement. Curves have been plotted for the gage at the center of each 
side of a corner and edge panel~ and for two sides of the interior panel. Most 
of the top steel, except the bars at the faces of the spandrel beams, was 
stressed to over 30,000 psi and many strain gages indicated strains beyond 
yielding. 
The largest steel stress in a beam was 38,000 psi and was measured 
in a corner panel edge beam, at the negative moment region where this beam 
framed into a side column. The edge panel spandrel beam had stresses as high 
as 28,000 psi, including residuals, in the negative moment reinforcemento The 
maximum interior beam stress was 32,200 psi, measured at the center of a beam 
perpendicular to the edge of the structure. The interior beams parallel to 
the edge of the slab had stresses as high as 31,600 psi in the negative moment 
regions 0 
Load-strain curves for several beam gages are plotted in Figs. 56 
to 580 The curves of Fig. 56 and the first curve of Fig. 57 are for strains 
in the edge beams, and the rest of the curves are for gages at interior beam 
critical sections. The strain gage locations are shown in Fig. 19 to 21. 
In several of the load-strain curves, it was observed that the 
slope of the curve decreased as the cracking strain was exceeded. However, 
instead of maintaining this lower slope, after more load had been applied 
the slope increased appreciably. (Figs 0 52, 54, 55, 56, 57, and 58) In a 
f~w of the cases, the increase in slope occurred at strains approximately 
equal to the yield strain. There is no possibility of this increase being 
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associated with strain hardening of the reinforcement J since strain hardening 
did not begin until a strain of about 0004 was reached, and none of the 
measlITed strains exceeded 000020 
The explanation of this increase in slope must be that the relation-
ship between applied load and moment at a given section is not linear, but 
that the load must have increased at a faster rate than the moment at that 
sectioDo The rate at which a section picks up moment as load is applied depends 
on the stiffnes of the section relative to the stiffness of the other sections 
which help to carry the total momento Therefore, if a section becomes relatively 
less stiff, for instance due to cracking, the moment increase for each incre-
mental load increase becomes lesso In an extreme case, the strain rate as well 
as the moment increase rate could decrease, and this is apparently the case 
here. 
Figures 59 through 63 are plots of the distribution of steel stress 
across the width of the test structure at five critical sectionso These stresses 
include residuals wherever the residuals were large enough to be evaluated 0 No 
residuals were found for the slab positive moment sections J for the exterior 
negative moment sections of the slabs or the positive moment sections of the 
interior beams in the span parallel to the edge of the structure 0 
The steel stress distribution at the center of the row of panels ABC 
is shown in Figo 590 While the structure was nominally symmetrical about the 
centerlines, the strains in the panels were noto The most important feature 
of this figure, however, °is that the beam reinforcement stresses were much 
higher than the stresses at the center of the panelso The distribution of 
steel stresses across the centerline of the structure is shown in Figo 600 
The distribution differs from that in the end span in that the beam and slab 
stresses are comparable in magnitudeo Tne edge panel stresses are higher than 
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in the center panel. As compared to the stresses in the end span,the slab 
stresses are higher and the beam stresses lower. In both the end and center 
spans, the stress in the slab bars located adjacent to the beams was quite lowG 
The distribution of stress in the reinforcement perpendicular to the 
north edge of the slab is shown in Fig. 61. At this section the beam stress 
was much bigher than the stress in the slab, except for the bars adjacent to 
the beamso The very low stresses (3000 psi) at the center of the slab indicates 
that the restraint provided by the spandrel beams was not high. [Figure 52 
includes two curves of strain vSo increasing load for gages at the spandrel 
beams, (Gages A51 and A6l) 0 The strains measured were very lowo Furthermore, 
gage A51 did not register any increase in strain during the final two increments 
of load.] 
Figures 62 and 63 show the distribution of steel stress across the 
two sides of the interior support section, Fig. 62 showing the end span or 
exterior face and Fig. 63 showing the center span or interior face stresseso 
The most noticeable difference between these two stress distributions and the 
ones for the positive and edge negative sections is that the beam steel stresses 
in these two cases were much less than the slab stresseso In fact, most of the 
slab reinforcement had yielded, while most of the beam reinforcement was 
stressed to 25,000 psi or lesso There was little difference 'in the stress on 
the two sides of the support section (The measured horizontal reactions for 
the supporting columns were small, indicating little change in moment between 
the two sections.). 
(d) Cracking 
No cracks were found on the bottom surface of the slab during any of 
the tests to 2.0 LL. The first cracks were observed at an ~pplied load of 
290 psf (3.0 LL) and had taken the pattern shown in Fig. 64 at the time 4.0 LL 
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was reached 0 The cracking was almost entirely along the diagonals of the 
panels} with only a very few cracks reaching toward the center of an edge of 
the panel. A rectangular pattern of cracks developed at the centers of the 
panels in regions of nearly constant moment in which the cracks tended to 
follow the reinforcing bars. 
The cracks on the top of the slab which were observed during the 
series of tests at 2.0 LLare shown by the lighter lines in Fig. 650 In general, 
there was one crack along one side of each interior beam which did not always 
extend the full length of the beam 0 There was some cracking around the tops 
of the interior columnso The new cracks were represented by the heavier lines 
in Fig. 65. 
At 4.0 LL there still was not too great a number of negative moment 
cracks. A new crack developed parallel to each interior beam, so there was a 
crack on each side of each interior beamo The previous cracks did get wider 
as the loading progressed, since much of the negative moment reinforcement of 
the slab reached yield during the testo A diagonal crack developed across the 
top of column 13} but did not open very far. In no cases were there parallel 
cracks on the same side of an interior beamo 
There was a fairly well developed pattern of cracks in the positive 
moment regions of the beams, but were only a few negative moment cracks at 
400 LL~ One or two of the negative moment cracks in the edge beams became 
somewhat inclined, but probably should not be classified as shear cracks, 
although both shear and torsion did affect the behavior 0 
All cracks which were observed in these series of tests were smaller 
than 0.005 in. in widtho 
7.50 Test 338 (Test to Failure) 
(a) ProcedtU'e 
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The load was applied to the structure in ten increments. The 
maximum load sustained by the structure was an applied load of 496 psf, or a 
total load of 537 psf. As the load was applied by jacking, the applied load 
in one panel was measured to be 509 psf for a brief instant. However, by the 
time the dynamometers measuring the .load in other panels were read (about 
5 min.) the load had decreased to 496 psf. The maximum applied load was taken 
as 496 psf (total load 537 psf). This corresponds to 1.0 DL + 6.6 LL or to 
307 times the total design load. 
All deflection dial gages and load dynamometers were read at each 
of the ten load increments. The strain gages and reaction dynamometers were 
read for the first eight increments. At the ninth load increment, 496 psf 
applied load, only the deflections and loads were recorded. Additional deforma-
tion was imposed on the structure during the tenth increment of load, but the 
load could not be increased, and the final load was 492 psf. The strains and 
reaction dynamometers were read at 492 psf, and the structure was then unloaded 
and all the strains read. The deflection gages that were still in place were 
read also. 
(b) Deflections 
When the maximum load was first reached, the maximum increase in 
deflection measured during this test was 1.15 in. (edge panel). The maximum 
corner panel deflection was almost the same, 1.14 in. The interior panel 
deflection was 0.82 in. The interior beams parallel to the edge of the struc-
ture deflected about 0.16 in., and in the span perpendicular to the edge of 
the slab the beam deflections ranged from 0.25 to 0.51 in., depending on 
whether the beam was involved in the failure mechanism. The maximum deflection 
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of an edge beam adjacent to an edge panel was 0016 ina and the maximum 
deflection adjacent to a corner panel was 0049 ina 
A cumulative load deflection curve for the center of panel C is shown 
in Fig. 66. The deflection curve for Test 335 is plotted, as are the points 
for maximum load and deflection in Tests 307 (100 DL + 1.0 LL) and 314 (laO DL + 
200 LL). A smooth envelope can be drawn through these points, and this should 
be the curve that would result if the structure were loaded to failure in one 
continuous operation~ Pane~ C was one of the panels participating in the 
failure of the structure, as strip ABC was the seat of the primary failure 0 
The cumulative load deflection curve for the interior panel is shown in Figo 670 
The drop in load at the end need not be interpreted as failure, because with 
the hydraulic loading system used, the jack pressure was the same for all panels, 
and since the north strip of panels was definitely failing at that time, the 
oil pressure for all jacks droppedo 
Figure 68 is the load-deflection curve for the center of the edge 
panel B up to the failure load. The deflection was high, although not as great 
as in the corner panel C, because this panel was in the strip that failed firsto 
The deflection during the last load increment was definitely great enough to 
show that this panel bad failed. The two curves in Figo 69 are for two panels 
in the south strip of panels, J and H, which were not considered to have failed 
when the test was discontinued 0 The deflections up to the maximum load were 
about the same for panels Band H, both edge panelso Likewise, panels C and J 
deflected about the same up to the maximum load. However, from the maximum 
load to the point where the test was stopped, the deflections of panels B and C 
increased much more than those of Hand Jo 
Cumulative load-deflection curves for several beams are shown in 
Figs. 70 and 71. The first curve of Fig. 70 is for an interior beam adjacent 
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to the interior panel, parallel to the edge of the structure. The shape of 
the curve indicates that this beam was not close to its ultimate flexural 
capacity. The second curve, for gage Bl, is for an interior beam in the span 
perpendicular to the edge of the structure 0 The slope of this curve decreased 
as the maximum load was approached indicating that the flexural capacity had 
been reached. 
The third curve in Figo 70 is for a corner panel edge beam, and the 
shape of the curve is somewhat different from the other two in the same figure. 
There is an abrupt change from a steep slope to a nearly horizontal line in 
the next-to-last load incremento This occurred when the beam-to-column connec-
tions failed in torsiono In other words, the beam failed at less than flexural 
capacity by "twisting off" its supportso During the last two load increments 
the corner column vertical reaction decreased slightly, and the two horizontal 
reaction components dropped to about half the previous value because the beam 
was no longer able to transf~r moment to the column. 
The two curves in Figo 71 represent the midspan deflections of two 
edge beams supporting the edge panelso Neither of these curves flatten enough 
to indicate that the beams were even approaching the ultimate flexural capacity 0 
Figure 72 is a schematic diagram of the deflected shape of the 
structure at the ultimate load. The deflections shown do not include residual 
deflections from previous tests which were quite small (see Fig. 66 through 71)0 
In general, the beam deflections were somewhat less than half the 
slab deflections at the ultimate loado For the interior panel and its four 
supporting beams, the ratio of slab to beam deflection was about fiveo Along 
the south strip of panels, which did not fail, the ratio of deflections was 
about three. The deflections of the beams that were continuous over a support 
at both ends were usually less than half the deflections of the same beams in 
the nend spansno 
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(c) Steel Stresses l 
At the failure load~ nearly all of the beam and slab steel in the 
structure bad reached the yield stresso Figure 73 shows the stress at various 
gage locations on the slab. Only the strain gages on positive moment reinforce-
ment in the slab located close to the beams and on the slab negative moment 
reinforcement perpendicular to most of the spandrel beams indicated less than 
yield strains. The locations and designations of the strain gages are shown 
in Figse 19 to 21. 
Table 3 traces the initiation of yielding at the various sections of 
the slab. In each case, the load listed is tr~t at which yield stresses were 
observed in a reinforcing bar at one of the several similar sectionso Therefore, 
it does not represent general yielding of that and all similar sectionso The 
information in the table indicates that most of the critical sections in the 
slab had yielded before the beam sections began yielding. 
Figures 74 through 85 show representative load-strain curves for 
reinforcement at various locationso Figures 74 and 75 are plots of the strains 
in the positive moment reinforcement in the slab, and Figs 0 76 to 80 contain 
curves for various gages mounted on the slab negative moment reinforcemento 
Strains in the beam reinforcement are plotted against the applied load in 
Figso 81 through 850 
The plots for the positive moment steel strains in Figs 74 and 75 
are typical. The increase in slope of the curve at higher strains was quite 
common; the causes of this phenomenon were discussed in Section 705co The 
curve for gage B21 is different from the rest in that the strain was very 
low until a load of 450 pSf was reached. Above this load, the curve became 
nearly horizontal. The ~einforcing bar on which this gage was located was only 
a short distance from the edge of beam ABJ and was in the part of the slab 
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which was acting as aT-beam flangeo The neutral axis of this T-beam was 
only slightly above this bar so the strains were Emello During the final two 
load increments of the test J a yield line developed at this sectionJ the 
neutral axis moved up and the strain became much larger. 
Load-strain curves for three gages on the positive moment reinforce-
ment of the interior panel are plotted in Figo 750 Gage E23 was at the center 
of the panel, E24 was at the quarter-point on the panel centerline and E26 was 
at the quarter-point, but located on a diagonal lineo The initial slope of 
the curve for E23 is the lowest of the three, but at the end of the test J 
the measured strains at E26 were increasing the fastest 0 The strains at the 
quarter-point on the diagonal line were considerably greater than those at the 
quarter-point on a centerlinee This indicates tp~t the critical section was 
located along the diagonal and not along the panel centerlineo 
The load-strain curves for three strain gages on the negative moment 
slab reinforcement at the edge of the slab are plotted in FigQ 760 Gages A61 
and J33 were perpendicular to the edge beams supporting corner panels and B63 
was at an edge beam supporting an edge panelo The strains measured by A61 
and J33 should have been approximately e~ual because of the symmetry of the 
structure 0 Actually, J33 reached the yield strain, but the concrete near A61 
did not even cracko The stress at A61 was about 801 kisc The highest stress 
at B63 was 2406 kSi, and from the shape of the curve, it can be concluded that 
the section had cracked. However) no cracks were observed in its vicinity 0 
The reduction in strain at the peak of the curve came as a result of the tor~ 
sional cracking in the beams causing a reduction in restraint andj consequentlYJ 
in moment at the edgec From the shape of the curve for J33 s it would seem tbat 
the tensile forces in the concrete contributed an appreciable portion of the 
reSisting moment and when cracking occurred, it took a large increase in steel 
strain to develop the moment existing before cracking 0 
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The other negative reinforcement gages showed a different behavioro 
The strains were in general quite large J and in fact many gages failed by 
exceeding the reading range of the strain indicator or the gage (about one 
percent). Figure 77 shows the load-strain ctU:~e for gage B43 J for which the 
maximum measured strain was 0001130 This gage had exceeded the yield strain 
of 000014 in previous tests J and the 'initial residual strain was about 0.0011. 
Gages E52 and E53 J plotted in Fig 0 78, both failed before the test was ~lompletedJ 
but the magnitude of the strains can easily be pictured by extending the lines 
at the extremely low slopeo The strain indicated by gage E52 was about 0.011 
at the last load when it could be read 0 
The load-strain curves for gages B53 and H3l (Fig. 79) are qui~e 
Similar, and.are for strains in. the reinforcement at nomir~lly similar sectionso 
Both were located on the negative moment reinforcement at the center of the 
section in the span parallel to the edge of the structure in an edge panelo 
The load-strain curves shown in Figo 80 are for two strain gages mounted three 
inches apart on the same bar 0 Both of these gages failed at strains of about 
0.005 at loads well below ·the failure load of the structure, so the complete 
curve cannot be shown for either CUFveo Yield strains bad been indicated for 
both gages during Test 3350 The residual strain at the beginning of this test 
was about 0.001 for gage F62 and 000009 for gage C420 
Figures 81 through 85 contain load-strain curves for various gages 
mounted on the beam reinforcemento The irregular shapes of the curves of 
Figo 81 at the higher loads are a result of these edge beams twisting out of 
the column 0 These curves are for an edge beam adjacent to a corner panelo The 
curves of Figo 82 are for edge beams bordering edge panelso 
Load-strain curves for various interior beam sections are shown in 
Figs 0 83 to 850 Gage AB4.9 Figo 83 j was crossed by a yield line J which is one 
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of the reasons the strain was so large (000039). Likewise, the strains at 
the negative moment regions at the interior supports were quite high. The 
strain measured in the positive moment region (DE4, Fig~ 85) of the interior 
beam, parallel to the edge of the structure, was much less than in the negative 
regions. Tne strain measured during this test was only 0.0015, but when the 
residuals from previous tests were added the strain exceeded the yield strain 
of 0.001670 The deflection of this interior beam during the test was also 
quite small. 
(d) Cracking 
The cracking on the top surface of the slab after all of the loadings 
to failure and after the loading frames were removed is shown in the composite 
photograph of Fig. 86. Most of the new cracking of the interior panel shown 
in the photo was produced by Test 339, in which the interior panel alone was 
loaded to failure, and not in this test. The cracks are also shown in Fig. 87, 
in which the previously existing cracks are the light lines and the Test 338 
cracks the heavy lines. 
Most of the new cracking occurred at the edges of the structureo All 
of the cracks over the spandrel beams and the exterior columns were caused by 
this testa At only four edge sections did cracking extend completely across 
the section. In the remainder, the cracks could be traced no farther than 
about the quarter points of the span. 
The cracks in the centers of most of the panels were tension cracks 
that extended completely through the slab at the peak load. The deflections at 
that time were one inch or more, or 2/3 of the slab thickness, and the slab 
was acting partially as a tension membrane. 
The cracks which had occurred in the previous tests became much 
larger as the failure load was approached. As would be expected, only one crack 
-53-
occurred at each negative moment section as a result of the high moment 
gradient and the low steel ratioso ConsequentlYJ' these cracks were quite 
wide. 
The crack pattern on the bottom surface of the slab is shown by the 
composite photograph in Figo 880 Fi@~e 89 is a drawing of the cracks at the 
end of Test 3380 The light lines denote cracking before Test 338, and the 
heavy lines mark the new crackso The photos of the interior panel were taken 
with the strain gage lead wires in placeo They should not be confused with 
cracks 0 The twisted lead wires can be dif~erentiated from the lines indicating 
the locations of the cracks 0 However, the black support wire which spans 
between the gages marked E25 and E2l could be easily taken for a crack and 
the reader is warned against ito 
The cracks at the bottom of the slab panels could be classified in 
two different patternso The first pattern to form was the ?tdiagonal crack 
patternn in which the cracks extended rougp~y along the pRnel diagonalso The 
other pattern developed after the diagonal pattern and consisted of cracks 
extending parallel to the panel centerlines in plano The parallel pattern 
was not observed until a load of 377 psf was applied on the slab 0 The diagonal 
pattern had been observed in tests preceding the test failure (Figo 64). The 
parallel pattern of cracks did not develop in the interior panel, but it did in 
the north strip of panels, ABC, and in the east strip CFJo The north strip 
was the one in which the failure occurred 0 There were only a few cracks running 
parallel to the panel centerlines in the west strip of panels J ADGo Such cracks 
were absent in the south striPJ GBJ, in spite of the fact that panels G and J 
both had very extensive diagonal cracking patterns 0 
The most important additional cracking occurred in the edge beams of 
the structure 0 The cracks were caused by a combination of shear and torsion at 
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the end sections of the beams. On the inner sides of the spandrel beams, 
these cracks looked like cracks caused by combined bending and vertical shear 
in that they originated at the bottom of the beam at the end and sloped upward 
toward the center at an angle of about 45 degrees. On the outer sides of the 
beams, however, the cracks started at the top of the beam near the end and 
sloped downward toward the center of the span at a 45-degree angle. Developed 
views of the cracks (Figo 90) for two beams on the north side of the slab show 
that the cracks can be traced around all four sites of the beam. Apparently, 
the cracks were caused by inclined tensile stresses caused by a combination of 
flexural and torsional stresses. The first appreciable torsional cracking 
occurred at 354 psf, or 4-1/2 LLo 
At the failure load, the cracks on the exterior faces of the spandrel 
beam had become quite large, and the beams were tending to twist loose from 
the columns. The size of these cracks can be appreciated in the photographs 
in Figo 91. The cracks were particularly large at the corner columns, such as 
Column 4 shown in the photograph where the displacement at the top of the crack 
was nearly 1/8 in. There was extensive torsional cracking on the north and 
west sides of the slab while on the south and east there were fewer cracks, 
and the ones that occurred failed to grow as large as the others. 
Much new cracking occurred in the interior beams. In the positive 
moment regions, the cracks previously observed extended further, and many went 
as high as the bottom of the slab. New cracks formed until there were cracks, 
distributed at a spacing of about three in., over the middle half of each beam. 
There were also inclined cracks at the ends of several of the beams. These 
cracks started at the 'lower surface of the beam at the face of the column 
and sloped upward at 45 degrees toward the center of the spano These cracks 
had the same direction on both sides of the beams; apparently, torsional 
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stresses were not the major influence on their formation. However, the cracks 
were frequently somewhat wider on one side of the beam than the othere The 
cracks were larger on the side of the beam that had the smaller slab negative 
moment, or after yielding was fairly complete, the smaller strain~ 
The first inclined crack was observed at 354 psf applied load 
(4-1/2 LL), and at 377 psf (5 LL) there ~re inclined cracks at the ends of most 
of the interior beamso None of these cracks became very large as the load was 
increased, and no beams failed in shear. Adequate web reinforcement had been 
supplied to prevent shear failureso 
(e) Behavior of the Structure 
During the test to failure, the deflections and strains increased 
linearly with increasing load up to an applied load of about 300 psfJ which 
was close to the maximum load previously applied to the structure. 
Up to 4.0 LL, or 317 psf applied load, there was nothing unusual about 
the behavior of the structure 0 Several new cracks were found, principally 
torsion cracks in the edge beams, but this may have been the opening of previous-
ly formed cracks. In the slab, there was no new cracking, but the cracks on the 
upper surface were becoming largero Most of the negative moment slab reinforce-
ment had already yielded in earlier tests, so the residual cracks were fairly 
large. Several of these cracks were measured to be 0.01 in. wide 0 
Between 350 and 375 psf, inclined cracks developed at the interior 
ends of several of the interior beams in the span perpendicular to the edge of 
the structure. This type of cracking continued through the remaineder of the 
test, but the stirrups were able to prevent the cracks from opening further. 
Negative moment cracks appeared at the ends of many of the beams, both interior 
and spandrel beams 0 
At 375 psf, the exterior negative moment section on the east side of 
pan~l J crackedo Some yielding had occurred in the positive moment 
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reinforcement, but the yielding was not general. The positive moment cracks 
were still ~uite small. Some of the negative moment cracks were 0.02 inc wide. 
Cracks in the positive moment sections of panels A and B started extending 
towards the centers of the beams. 
The positive moment cracks in the slab averaged about 0.01 in. in 
width, with a maximum of 0.02 in. at 416 psfo The negative moment cracks at 
the interior column lines were definitely large enough to be labeled as yield 
lines. In addition, the torsional cracking in the edge beams was becoming 
more severe. At 449 psf" the positive moment strains in the north strip of 
panels began to increase at a faster rate than before. The cracks in the beams 
began opening more, and some new negative moment cracks developed in the beams. 
A large crack that could be called definitely a positive yield line 
developed across the center of the entire north strip of panels (A, B and C) 
at 485 psf applied load. As the load was increased to 496 psf, the cracks at 
the centers of beams AB and Be (Fig. 91) became as large 3/16 in. The load-
deflection curve became roughly horizontal at this load (Fig. 70). 
At 496 psf, loading was stopped and the deflections read and recorded. 
Then additional deformation was imposed on the structure, in an attempt to 
increase the load. When loading was again stopped, the load had dropped to 
492 psf. Panel B had deflected an additional 0034 in. and Panel C about 0.5 in. 
The torsion cracks on the beams at the north edge of the slab had opened con-
Siderably, and the corner columns were practically twisted free from the beams. 
A photograph of column 4 is shown in Fig. 91. Crushing had occurred at the 
inside corner of column 1, although the crushing was quite local. 
The column-beam connections at the edge and corner columns practically 
disintegrated along the north edge of the slab. The sum of the four horizontal 
reactions perpendicular to the north edge of the slab at 449 psf was 7620 Ibs. 
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At 485 psf, this bad dropped slightly to 7450 Ibsa, but when the reactions were 
read at 492 pst, after the resistance of the structure had started decreasing, 
the sum of these four reactions was 46601bso, or only qO percent of the 
maximum valueo 
The failure of the beam-column joints under combined bending, shear, 
and torsion participated in the failure mechanism of the north row of panels, 
and this evidently preceded the full development of the negative moment reinforce-
ment framing into the edge beamso The deflections in the south row of panels, 
G, Hand J, were increasing very rapidly at this load, but there were no signs 
of beam-column connection failures at the south edge of "the slab 0 
7.60 Test 339 (Interior Panel Tested to Failure) 
(a) Procedure 
After Test 338 was terminated by failure in the north row of three 
panels, the other six panels of the structure were more or less intact ° The 
most severe damage had occurred in the beam-column connections of the spandrel 
beams. The interior panel had undergone the least damageo Consequently, it 
was decided to load the interior panel to collapse with some load on the 
corner panels to prevent the lifting of the exterior columns . 
. 
The load was applied to the structure in ten incrementso The first 
increment raised the load to approximately 1.0 LL + 100 DL, the second 300 LL + 
1.0 DLo The load was then increased in increments of about 70 psf, or 1.0 
design live load eacho The maximum applied load was 788 psf, for a total load 
of 829 psf. This cornesponds to 1.0 DL + 10.8 LL, or 501 times the total design 
load. The increase in mid-panel deflection corresponding to the applied load 
was 1.8 in. 
During the test, the four corner panels of the slab were loaded to an 
applied load of about 250 psf to insure some restraint and to prevent the edge 
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or corner columns from lifting off the dynamometers. Deflections were read at 
all of the 33 dial gage locationso All the dials were read at each of the ten 
load levels, and in addition, the interior panel center deflection was read 
several times on the run during the final increment of loading which caused 
the panel to fail. 
Strains were read for each of the first nine load increments. No 
strain readings were taken for the tenth increment because most of the gages 
had go~e past their useful limit, being beyond the range of the strain indicator. 
The reaction dynamometers were read at all ten of the load levels. 
All strain gages in the interior panel were read during the test, 
except for a few which had failed during Test 3380 The gages on the four beams 
around the panel were also read. Gages on the slab positive moment reinforcement 
were read for panels B, F, and H. Gages on the negative moment sections just 
outside the loaded panel were also read. The concrete strain gages over 
interior beams BE and EF were still functioning, so these strains were recorded~ 
(b) Deflections 
The deflection that occurred at the center of the interior panel during 
Test 339 is plotted against applied load in Fig. 92. The residual deflection 
from the previous tests was 0.73 in. ~nerefore, the cumulative deflection at 
maximum load was about 205 in., or about 1-2/3 times the slab thickness. Only 
a very small portion of this deflection was contributed by the supporting beams 
(Fig. 93)0 
The increase in deflection was nearly linear with load increase up to 
an applied load of 500 psf. At this load the curve bent over, but did not 
approach the horizontal. There was a drop in applied load when the load reached 
788 psf, and an increase in deflection. This was caused by the sudden failure 
of beam EH in combined shear and torsion at both ends at onceg The load was 
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again increased, and the deflection cur~e was not appreciably flatter than it 
had been before the beam failed. However, when the load reached 780 psf, beam 
DE failed, also as a result of combined shear and torsiono Figure 93 is a 
load-deflection curve for the center of beam EHJ which was the first to fail in 
shear-torsion 0 The broken portion of the curve is an estimate of the actual 
deflection, with the known points shown as crossesQ The deflection was read 
at 722 psf, and the highest load reached was knoWllo Then~ after the beam failed, 
the deflection was read and the load recordedo The exact deflection at the 
time of failure is not known, but could not have been much different than that 
shown. The deflection when loading was stopped is not known either, but the 
residual deflection was recorded 0 By assuming that the unloading curve was 
closer to vertical than the loading curve~ the final deflection at the known 
last load could be established fairly closelyo 
(c) Steel Strains 
The gages on the slab positive moment reinforcement next to the beams, 
gages Ell, 15, 21 and 25, all registered compressive strains throughout the 
entire range of loading, indicating that the neutral axis of the beam was below 
the slab reinforcement. The largest compressive strain was 0.00024, correspond-
ing to 7200 psi steel stress. A load-strain curve for gage E25 is shown in 
Figo 94. Load-strain curves for two other slab positive moment gages are 
shown in the same figure 0 
Figure 95 contains load-strain curves for two slab negative reinforce-
ment gageso The increase in .. strains was quite large, 000025 for gage E310 The 
largest strain measured was on the bottom of the slab at one of the~slab quarter 
points where a diagonal yield line passed under the gagee The strain during 
Test 339 was 0.0054, and this gage had failed when the applied load was 550 psfo 
Load-strain curves for a positive and negative moment section of 
interior beam EH are shown in Figo 960 This beam failed, but from the magnitude 
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of strains and shape of the curve, the failure definitely was not in flexure. 
Residual strains from Test 338 and before were high enough that both of these 
gages were into the yield range, but the strains still were not increasing 
at a very high rateo 
(d) Cracking 
The crack pattern of the bottom of the interior panel is shown in 
Figo 970 The pattern was no different than that at the end of Test 338, but 
the bands of cracking were wider and the cracks were longer and widere Some of 
the cracks at the center of the panel were 1/8 inc or more wide when the test 
was finished. These cracks gre~ to this width under the influence of tensile 
membrane action and in several cases extended completely through the slab and 
could be tranced on the upper surface. Figure 98 shows the upper surface of 
the interior panel. 
The crack pattern in the center of the top of the interior panel was 
the result of membr~~e action, and these cracks did go completely through the 
slab 0 The cross-hatching in the upper left corner of Fig. 98 marks the 
location of crushing of concrete. 
The cracks which cross the left and lower beams at the ~uarter points 
were the result of the shear-torsion failure of these two beams. The cracks 
were just at the end of the negative moment reinforcement of the beams when 
they broke through the upper surface of the slab. 
Some additional inclined cracking occurred in the beams before beams 
EH and DE ~ailed. These cracks were generally close to the ends of the beams 
so the stirrups prevented them from opening up. The shear cracks that caused 
the failure of beam EH crossed the positive moment steel about 1.2 in~ from· the 
ends of the beamso The path of the cracks can best be seen in the two photos 
of Fig. 91. The last stirrup was 8.5 ino from the face of the column, so it 
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could not prevent the crack from openingo These cracks had been found and 
marked at a load of 722 psf, and failure occurred at 788 psfo The failure 
was sudden, with no warningo 
The cracks at the edges of the panel on t~2 upper surface of the 
slab were quite large j and there was some vertical faulting along these lineso 
The maxiIIIUIp. fault height was 7/32 inc, which occurred at the point where a 
shear-torsion crack reached the supper surface of the slab 0 The maximum vertical 
displacement at a section which did not fail was 3/32 ino 
At failure j all of the cracks at the edges of the panel on the top 
were large enough to be considered yield lines. Several cracks on the bottom 
were large enough as wellj all of the cracks (Figo 97) which made up part of 
the rectangular pattern in the center of the panel were very large, as were 
several of the cracks extending towards the corners. The yield pattern was 
_.... ..............glJ~t~t;ypj-_~?.J..Qf.i-oot_~~~g~_<if!J_:r_§.§j..~'Q __ li~i-h_J"~s t:r_~:i.J}.t_§._t._t!l~ __ J~~gg~t§o _llQ't.!L 
the positive and negative yield patterns showed the corner effects, including 
a\rcorner see-saws 9!t on the bottom and the diagonal corner cracks on the top of 
the slab. 
7070 Distribution of Strains in Beams 
(a) Introductory Remarks 
Strain gages were mounted on the concrete over and adjacent to two 
of the interior beams which were parallel to the edge of the structure and on 
two of the edge beams which supported edge panelso The locations of these 
gages are shown in Figo 19~ The gages were at the center of the spans and were 
mounted parallel to the axis of the beams. There were eight gages for each of 
the two interior beams and five for each of the two edge beams J giving a total 
of 26 strain gageso 
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The distribution of the compressive strains across the top of the 
beam section was expected to act as a guide in establishing how much of the 
slab was acting as the flange of the beamso Also, when used with the measured 
steel strains in the beam and slab reinforcement, the compressive strains in 
the concrete determined the depth of the neutral axis, the strain distributions 
having been assumed to be linear across the ~epth of the section. The depth 
of the neutral axis could then be used indirectly to estimate the effective 
flange width of the T-beamso 
The two gages on the top of the beam itself were located directly 
over the strain gages on the tension reinforcement of the beam, and the gages 
nearest the beam were directly above a strain gage on the positive moment 
reinforcement of the slab. 
(b) Distribution of Strains Across Top Surface of Beams 
The distribution of the compressive strains across the top surface 
of two of the beams at midspan is shown in Fig. 99. Beam EF is an interior beam 
and BN an edge beam. At the low loads, the measured strains were fairly uniform 
across the section. The edge gages YOI, Y08 and X09 at each section were about 
four inches from the edge of the beam, or nearly three times the slab thic&~ess 
awayu 
At the higher loads the compressive strains directly over the beam 
increased at a faster rate than those away from the beam, indicating that the 
effective flange width was becoming smaller. This is in agreement with the 
observed behavioro As the failure load was approached, the negative moment 
cracks in the slabs on the sides of the beam penetrated deeper into the slab, 
curtailing drastically the concrete area available for shear transfer. 
(c) Strains Across the Depth of the Beams 
The strains were meas-~~ed in the concrete at the top surface of the 
beams and in the positive moment reinforcement near the bottom of the beams. 
If the strains are assumed to be linearly distributed across the depth of the 
section, the location of the neutral axis may be determined by means of these. 
two strain measurements 0 
The measured strains for Test 338 have been plotted for an interior 
and an edge beam 0 Figure 100 contains the strain distribution for the interior 
beam, and also the strain distribution in the slab adjacent to the center of 
this beam 0 The slab strain distribution was obtained from the first concrete 
compression gage away from the edge of the beam and the gage on the reinforcing 
bar adjacent to the beam in the positive moment section of the interior panel. 
Figure 101 contains the corresponding plots for an edge bearno 
As indicated in Fig. lOO} the depth to the neutral axis based on the 
strain distribution increased from about 1 in. at the beginning of the test to 
about 104 in. at the end of the testo The increase in neutral axis depth is 
most probably the result of a reduction in effective width of the flange J since 
the maximum compressive strain in this test was only 000006 and there could not 
have been drastic changes in the shape of the distribution of compressive 
stresses 0 According to the straight line formula with n = 1.0 and A 0013 sqo 
s 
in.) the flange width would have to be about 10 in. for kd = 1.0 ino at the 
begipning of the test and 4 inc for kd = 1.4 at the ende Thus, it appears that 
the width of the slab acting as the top flange of the interior beam decreased 
as the loading was increased} as indicated by the concrete strain distribution 
across the top flange (Figo 99)0 
The neutral axis in the slab adjacent to the interior beam also 
changed position during the teste At the beginning of the test, the neutral' 
axis was about the same level as in the beam, one inch below the upper surfacee 
The strain gage on the steel near the 'bottom of the slab showed an extremely 
low strain. In some of the earlier tests j this gage ·had registered small 
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compressive strains. As the load was increased,however, the neutral axis 
moved upward, and at one time was only about 0.75 in. from the top of the slab 0 
The fact that the neutral axis remained 0.75 in. from the top of the slab did 
indicate some T-beam action at the failure load, since the neutral axis for 
the slab should have been within less than 0.25 inc of the top of the slab. 
The neutral axis of the edge beam remained about 009 in. below the 
top of the beam throughout the test (Figo 101)0 The distribution of compressive 
strains (Fig. 99) changed as the load was increased, and as previously, 
indicated that effective width of the L-beam flange decreased. This was not 
reflected by any change in the neutral axis position in the beam stem. There 
was a definite upward shift in the neutral axis in the slab adjacent to the 
beam. At the first load increment, the neutral axis was very near the slab 
tension reinforcement, 1 1/8 inc from the top a The axis shifted upward to 
about 0075 in. from the top of the slab by the time the final load increment 
was reached. Again on the basis of the straight line formula, the observed 
neutral axiS depth of 0.9 in. would require an effective flange width of 7 in. 
8. MOMENT-STRAIN RELATIONSHIPS 
8.1 Introductory Remarks 
Obtaining bending moments from steel strains has always been one of 
the problems of analyzing test data from indeterminate reinforced concrete 
structures. The straight-line formula commonly used in design cannot be 
utilized primarily because it ignores completely the tensile strength of the 
concrete. In structures with low reinforcement ratios, such as most slabs, the 
tensile forces in the concrete may have a very large influence on the steel 
stresses, especially in the working load range. 
On the basis of tests of 12 small beams by Mila (5), it was found that 
the relationship between bending moment and steel strain up to the yield moment 
could be represented by two straight lines on a plot of moment vSo steel strain. 
Only two points in addition to the origin need be known to draw the curve. The 
coordinates of these pOints are the cracking moment and strain, and the yield 
moment and strain. Such a relationship is shown in Fig. 102. 
Mila also developed moment-strain curves based on a more elaborate 
method with assumed stress-strain relationships for the steel and for concrete 
in both tension and compression. The resultant curves, such as that shown in 
Fig. 102 had a drop in moment with increasing steel strain immediately above 
the cracking strain for the reinforcement ratios used in the test structure 
analyzed in this report, but the test beams failed to exhibit this behavior 
except when the reinforcement ratio was extremely low and the steel cover large. 
In the figure, the curve consisting of two straight lines is superimposed on the 
ntheoretical" curve. 
The cracking moments were computed on the basis of the gross section 
of the concrete, neglecting the influence of the steel on the section moduluso 
The strain distribution was assumed to be linear. The cracking strain of the 
concrete was taken to be Oo00015 y and the yield strain of the slab reinforcement 
0.0014'0 The beam steel yield strain was 00001670 
In using the moment-strain curves 7 the strains due to the dead weight 
of the slab plus the load distributing system ~ determinedJ using the strains 
caused by the loading frames as the starting pointo This ~dead loadn strain 
was laid off from the origin on the moment-strain curve and from then on this 
pointJ representing dead load strain and moment j was considered as the origin 
of the curve 0 The curves were entered with a measured steel strain and the 
corresponding applied moment was then read off of the ploto For the slab 
sections j the moments are plotted in terms of Ib'~ino/inQJ and the beam moments 
are plotted as kip-inches 0 
8020 Mod:ulus of Rupture 
The average modulus of rupture of the fle~xral specimens was 590 psi. 
The control beams were unreinforced plain concrete beams 7 so that shrinkage was 
v~xestrainedo However 7 in the test slab and in the small reinforced beams 
tested} the steel offered restraint against shrinkage 0 This restraint would 
cause compressive stresses in the steel and tEnsile stresses in the concrete, 
thereby reducing the apparent modulus of rupture or cracking stresso 
A cracking stress of 400 psi was assl~ed for the slab sections of 
the structure.~ and because of the larger amount of steel and consequent greater 
restraint 350 psi was used for the beams of thes test structureQ 
8030 T-Beam Flange Width 
A portion of the slab was assumed to act ~ith the beams as the 
flanges on T-beamsQ The inclusion of this flange had little effect on the com-
puted yield moment of the sections, but the cracking moment varied considerably 
as the flange width was changed 0 
A flange width of four times the thickness of the slab was used on 
each side of the interior beams and the same flange was used on one side of 
each of the spandrel beamso This width was picked partially on the basis of 
the measured concrete strain distribution. Comparisons were made of measured 
total span moments with several widths of flanges at 200 LL. This flange 
width gave the best check with the moments computed from the reactions and the 
total static moment of the spano It was found that the different flange widths 
had almost no effect on the total panel moments in the positive moment regionso 
The increase in beam moment caused by the flanges was almost exactly offset in 
each case by the decrease in slab moment caused by the decreased slab widtho 
The change in flange width in the negative moment regions did make 
considerable difference in the total section momentso The increase in beam 
cracking moment more than offset the loss of slab width, and the increased 
flange width made it possible to include some slab reinforcement in the beam, 
which resulted in a longer lever arm for the slab steel and an increased beam 
yield moment. 
90 MOMENTS ACROSS FULL WIDTH OF TEST STRUCTURE 
9010 Introductory Remarks 
The moments across the full width of the test structure have no 
particular significance for any structure other than the one tested. The 
primary usefulness of these moments is to provide comparisons between the 
moments computed from the measured column reactions j those computed from the 
steel strain measurements and the static momento The moments computed from 
measured strains were presented for Test 314 (Maximum Load~ 200 LL + 1.0 DL) 
and the last five load increments of Test 335 (Maximum Load~ 400 LL + 1.0 DL). 
The moments from reactions were presented for Test 314, all eight load incre-
ments of Test 335 and Test 338 (test of failure)o These moments were tabulated 
in Tables 4 to 6 and plotted against applied load in Figs. 103 to 106. 
In the discussion of moments across the full width of the structure, 
the three-dimensional slab is considered to be ncompressedR into a two dimen-
sional frame. The moments in this frame may then be computed by various means 
and compared. 
Since the structure was symmetrical about the centerlines in plan, 
the moments in only half the structure need to be considered. The five critical 
sections are shown in Fig. 103. The negative moment sections 1, 3J and 4 are 
at the faces of the supporting beams and the positive moment sections, 2 and 5, 
are at the panel centerlines. 
9.2. Determination of Column Reactions 
The individual column reactions were determined in the vertical and 
two horizontal directions by means of tripod dynamometers as described in 
.. 68-
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Section 5020 These dynamometers determined the vertical load to within plus 
or minus 30 lb, and the horizontal reaction to within plus or minus 20 lbo At 
2.0 LL + 1.0 DL, 30 lb was about 1.5 percent of an edge column vertical reaction 
or 006 percent of an interior column vertical reactiono At the same load level, 
the 20-lb tolerance for the horizontal load was about 3 percent of the edge 
column reaction perpendicular to the edge of the structureo Since the interior 
horizontal reactions were very small, the 20-lb tolerance could be as much as 
15 percent of the reaction. However, these interior horizontal reactions had 
only a small effect on the computed momentso 
If the structure were elastic and the load applied absolutely sum-
metrically, the column reactions would have been symmetrical around the structur~ 
since the structure was symmetrical about both principal axes in plan. However, 
the measured reactions were not completely symmetrical due to one or more of 
several possible reasonso There were small variations of the applied load from 
panel to panel, variations of the concrete strength in different parts of the 
structure, and there were small dimensional variations 0 Of course, the rein-
forcement was not at the same level in the two orthogonal directionso 
Nevertheless, it was deSired, for the purpose of computation of moments, to 
assume the reactions to be symmetrical. 
Each of the reaction values, both vertical and horizontal, was plotted 
against the sum of the four vertical reactions located around the corner panel 
which the column in question helped supporto This was done in order to detect 
reading errors and also to point out any significant changes in the behavior 
of the structure 0 After this had been done, the reactions at the similar 
columns, such as the four corner column vertical reactions~ were numerically 
arranged 0 This average reaction value was then considered to be the reaction 
acting on the structureo 
In general, the numerical changes in" individual reaction values that 
were made while symmetrizing the reactions were small 0 The changes in the 
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vertical reactions were usually in the range of 2 to 4 percent or less, with the 
. larger colU1IlI1 loads having the smallest percentage changes. At 2 .. 0 LL + 100 DL, 
the changes made in the horizontal reactions perpendicular to the edge of the 
slab averaged about 10 percent. In some cases the percentage changes in the 
interior horizontal reactions were quite large, but the reactions were very 
small, seldom over 150 Ib, and had only a minor influence on the computed 
moments 0 
9030 Determination of Moments 
(a) Moments Based on Reaction Measurements 
In the determination of the moments from the reactions, the load was 
assumed to be uniformly distributed over the entire upper surface of the slab 
rather than applied at 16 discrete points in each panel. The two different 
loading conditions produce the same static moment in a span and the error in-
volved in the moment distribution as a result of this apprOXimation is quite 
small. 
The structure was then "compressed" into a two-dimensional frame. 
Since the reactions and loads were known, the moments could easily be figured 
by application of the principles of statics. 
It should be pointed out that the computed moments at the interior 
sections 4 and 5 involve taking differences of comparable quantities. 
Consequently, the relative error in the moment may be much greater than the 
relative error in the reaction measurements. 
(b) Moments from Measured Steel Strains 
The first step in obtaining moments from the measured steel strains 
was to evaluate the residual strains caused by previous loadings. These 
residuals were originally evaluated by adding up all of the residual strains 
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that occurred during each separate test j but this did not work well for two 
reasons~ (a) inaccuracies in reading very small strains and (b) time-deper~ent 
recovery of strain after the load was removed. The tests extended over a 
period of 'time sufficient that some creep strains could also have been involvedo 
The residual strains finally used were based on some proportion of the strain 
measured during the particular test in question or on the residuals produced 
during one testo For Test 314 (2.0 LL + 1.0 DL maxo)} residual strains were 
considered only at the interior negative moment sections of the structureo The 
strains to all other sections bad been so small previous to this test that there 
seemed no possibility of appreCiable residual strai~s existing. The residuals 
existing at the beginning of Test 314 were assumed to be 0.3 times the maximum 
strain measured during that test. This factor was based on the ratio of the 
residual deflections observed before Test 314 to those which occurred during 
that testo 
Based on similar reasoning, the residual strains used for the 
beginning of Test 335 were taken as 300 times the residual strain which 
occurred in Test 3140 This was checked against the summation of all the 
residual strains which had occurred previouslYi and in most instances there was 
little difference in the results. The residual strains were considered at the 
interior negative moment regions and in all critical sections of the beams in 
the spans perpendicular to the edge of the structure 0 No residual strains were 
assumed in the positive moment sections of the slabs nor in the slab where it 
framed into a spandrel beam 0 In the center span positive section residuals were 
assumed only in the edge beamso 
The residual strains were added to the strain measured during the 
test to obtain a total strain. This total strain was used to enter the moment 
strain curve (described in Chapter 8) and the resultant moment was read from 
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the ordinate of the curveo For a beam strain, the resultant moment value was 
read in kip-inches. However, for the slab strains, the curves were entered 
with the total strain and a moment value in terms of kip-inches per inch was 
read on the ordinate 0 These slab moments were then plotted across the section 
(see for example, Fig. 114) and the section moment was obtained by finding the 
area under the curve. Approximately the same answer could have been obtained 
by considering the section to be broken up into tributary areas for each gage. 
Each such area, with a strain gage near the center, would extend from the 
central gage ~lf way to the adjacent gages. The moment for the two-dimensional 
nframe~ was then obtained by adding up the moments in each of the parts of the 
structure across the section considered. 
904. Moments in Tests 314 and 335 
Moments across the full width of the structure are tabulated for 
Test 314 in Table 4 and for Test 335 in Table 50 The moments as determined 
from both reactions and strains are listed for each of the four load increments 
I 
in Table 4.1 The moments determined from the reactions are tabulated for each 
of the eight load increments of Test 335 in Table 5, as are the moments computed 
from strains for each of the last five load incrementso The strain gage data 
for the first three load increments of this test were not analyzed. The total 
moments for each span at each load level are also included in the tables. For 
the end span, the total moment is the average of the two negative moments plus 
the positive moment, and for the interior span it is simply the sum of the 
positive and negative momentso 
In the tables; the total moments resulting from the reaction moment 
computations are the true static moments, W£/8 for the spans considered, where 
W is the total uniformly distributed load and £ is the span length. Consequently, 
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the accuracy of the total moments obtained from the strain data may be judged 
by comparing them with those based on reactions (or statics)o 
In Test 314 (Table 4) the total moments computed from strains were 
generally lower than those computed from reactions 0 In the center span, the 
correlation is good, with the strain moments ranging from 95 to 101 percent 
of the true total moment valueo The comparison was less favorable in the end 
span, where the total moments varied from 80 to 89 percent of the true static 
moment. An examination of the moment values for the end span sections 1, 2, 
and 3 shows that both the positive moment, section 2 and the interior negative 
moment, section 3 were consistently lower than computed from strain measure-
ments than when computed for the reactions. 
The moments in Test 314 for each of the five critical sections are 
plotted against applied load in Fig. 103. The curves for the reaction moments 
(Fig. l03a) appear somewhat more consistent than those for the strain moments 
(Fig. 103b). Only the curve for section 3 of the strain moment plot appears 
unreasonable. 
Table 5 contains the tabulated moments, in kip-in., for the various 
sections across the full width of the test structure for Test 3350 The moments 
computed from the reaction measurements are listed in Table 5 for each of the 
eight load increments of the test. Table 5 shows the moment computed from steel 
strains for the last five increments of the test. The total moments for both 
the interior and end spans are also listed for each of the load levels, and for 
both the reaction and strain moments. 
The total moments from the reactions may again be used as the basis 
for comparison as these are the true total moments of the span. In the end 
span, the total moments computed from strains were always less than those 
computed from reactions, with values ranging from 92 to 97 percent of the true 
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total moment. In the center span, the total strain moment varied from 93 to 
103 percent of the true value, and averaged 100 percent for the five increments 
for which the strain moments were computed. 
The agreement between the moments across the full width of the 
structure as computed by the two different methods was quite satisfactory for 
the last three load increments of this test except for section 2, in which the 
strain moments were always lower than the moments computed from--'reactions 0 
The moments computed from the reactions are plotted against applied 
load in Fig. 104, and the moments as determined from the steel'strains are 
plotted in Fig. 105. The two figures are quite similar except that the strain 
moments show that the moments at sections 1 (exterior negative)and 2 (end span 
positive) were nearly equal while the reaction moment plot shows that the 
moments at section 2 were decidedly larger. 
9.5. Reaction Moments from Test 338 (Failure Test) 
The reaction moments were computed for the test to failure in the 
same manner as for the earlier tests. Some error may be involved in assuming 
the structure symmetrical, since at the higher load levels, the computed 
reactions varied considerably dependent on their location with respect to the 
actual failure mechanism. 
Table 6 contains the moments across the full width of the structure 
as computed from the reaction measurements. These moments are also plotted 
against the applied load in Fig. 106. One thing that may be pointed out very 
well with the aid of the figure is that the moment at the exterior negative 
moment section, section one, decreased very rapdily as the maximum load was 
approached. This drop occurred as the edge beams twisted out of the columns 
at the failure load of the structure. 
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The moments for the last load increment, 492 psf applied load, are 
of interest since they represent the moments at the failure load of the 
structure. A more complete discussion of the ultimate load capacity will be 
included in Chapter 13, but it should be noted .here that the yield moments 
were computed to be 11305 kip-in. for section 1, 12408 kip-in. for section 2 
and 185.1 kip-in. for section 30 The highest moments actually reached at 
these three sections were 105.2 kip-in., 12205 kip-in. and 18507 kip-in., 
respectively, and these values do not include dead load moments. 
10. REDISTRIBUTION OF MOMENTS 
1001. Introductory Remarks 
This chapter is concerned with the causes, effects and magnitudes of 
moment redistribution since this is an important aspect of the behavior of a 
two-way slabe 
The total moment in a panel is carried at various sections. Some of 
the sections are quite clearly defined, while others are somewhat arbitrary. 
The separation of positive and negative moment is normal, and precise, but the 
separation of beam and slab is rather difficult in a monolithic structure 0 In 
discussing an edge panel, for instance, the panel moment will be assumed to 
consist of the edge beam moment, the slab moment, and quite arbitrarily, half 
the interior beam moment. 
Th~ moment at each of these sections may be expressed either as a 
numerical value at some specified load or as CWL, where C is a coefficient, W 
is the total panel load, and L is the span length being considered. Comparisons 
of moments at different ~oads will be made in terms of both the absolute value 
and the moment coefficient C. As the load on the structure is increased, the 
absolute value of the moment will increase until the yield moment is reached. 
On the other hand, the moment coefficient may increase, decrease or remain 
constant. 
This chapter will examine in detail the redistribution which occurred 
in Tests 314 and 335 in which all panels were loaded to DL plus 2.0 LL and 
400 LL, respectively. The interior, edge and corner panels, and the supporting 
beams associated with each panel will be considered separately. 
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Study of moment redistribution may be aided by use of three types of 
graphs. One is the plot showing the distribution of moment across a section 
(Fig. 110). The other two are both plots of moment against applied load. In 
both, the abscissas represent the applied load. The moment coefficient is 
plotted as the ordinate in one graph (Fig. 107), and the absolute numerical 
value of the moment as the ordinate in the other (Fig. 108). Changes in the 
ordinate of the coefficient-load plot indicate the amount of redistribution. 
Redistribution is indicated by changes in slope in the moment-load curves. 
It should be pointed out that there does not have to be close 
continuity of these curves between 2.0 LL and 2-2/3 1L. The uniform load test 
to 2.0 LL was followed by 20 other tests to the same load level but which 
involved loading patterns designed to give maximum moments at one section or 
another. The maximum moment loadings increased the cracking of some sections, 
caused high residual strains and caused the first cracking at some other 
sections. This altered the relative stiffness of the sections, and did cause 
slightly different behavior and moments at the lower loads of the later test 
than would r~ve been obtained in one continuous loading. 
The following section describes in detail the various types of 
redistribution. The redistribution that occurred in the interior, edge and 
corner panels and supporting beams is described in sections 10.3, 10.4 and 
10.5, respectively. 
10.2. Causes and Effects of Moment Redistribution 
Redistribution of moments in a two-way slab can be divided into 
four dif~erent types: 
(a) Redistribution between negative and positive moment section. 
(This type of redistribution will be referred to as "Negative-positive 
Redistribution" in this report.) 
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(b) Changes in the distribution of moment across a slab sectiono 
(Lateral Redistribution) 
(c) Changes in the proportion of the total carried by the beams 
and the slab. (Slab-beam Redistribution) 
(d) Relative changes in the proportion of total moment carried by 
the two perpendicular spans of the slab. (Span-to-span Redistribution) 
The first three types involve an actual redistribution of moment 
from one section to another. The fourth does not involve an actual redistribu-
tion of moment from one span to the other. 
Moment redistribution occurs in an indeterminate structure as a direct 
result of the changes in the relative stiffness of the various critical sections 
and elements. Changes in the relative stiffness may occur in a reinforced con-
crete structure as a result of one or all of the following effects: (a) creep 
in the concrete, (b) cracking of the concrete, and (c) yielding of the 
reinforcement. 
Redistribution resulting from creep of the concrete may tend to 
reduce the higher moments and increase the lower moments in the structure. In 
ordinary reinforced concrete construction, the redistribution will be small 
because the changes in relative stiffness of the various sections will be about 
the sameo An exception can be made for sections with large amounts of compres-
sion reinforcemento 
A second cause of change in relative stiffness can be cracking 
resulting from shrinkage and/or loading stresses. This also is a rather small 
effect in most reinforced concrete structures. Although the reduction in stiff-
ness from an uncracked to a cracked section may be great, the change in 
relative stiffness is usually small since cracking usually occurs at about the 
same load in the various sections of a structure. 
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The third and most important cause of redistribution is yielding of 
one or more sections before enough sections yield to form a mechanism. The most 
common example of this is the fixed-ended beam, in which the negative sections 
yield and then act as hinges when any additional load is applied to the structure. 
This forces the unyielded positive moment region to resist all of the moment due 
to additional load until its yield capacity is also reachedo 
Yielding of the tension reinforcement was the primary cause of 
moment redistribution in the test structureo Of the four types of redistribu-
tion described above, the most important in developing the strength of the 
structure was the positive-negative redistribution 0 This could occur within an 
individual panel, and there had to be a large amount of this redistribution in 
achieving the strength of a structure because the positive moments for which 
reinforcement was provided were larger than those which existed in the structure 
prior to yielding. The positive-negative redistribution can also occur in a 
beam without occurring in the slab, or it can occur in both elements 
Simultaneously. 
The second type of redistribution due to yielding involves changing 
the distribution of moments along a section. For example, the moment at the 
edge of a fixed-ended square plate is highest at the center of the edge, and 
drops off quickly, reaching zero at the corners. If the plate is loaded beyond 
the point of initial yielding, the moment that would normally be taken by the 
center portion of the plate is taken by the unyielded areas of the plate near 
the center. This process could continue until the entire section has yielded 
or the rotational capacity of the section which yielded first is exceeded. 
The third type of redistribution is that involving the interaction 
of beams and slabs. As a slab-beam system is loaded, the beams and slabs act 
together to carry the static moment in each directiono AnY change in stiffness 
! . 
-80-
of one element, whether due to creep, cracking or yielding, will result in a 
.change in moments in both elements. If the stiffness of the slab decreases 
relative to the beam stiffness, the moment in the slab must decrease and the 
moment in the beams increase by the same amount. The magnitude 'of this effect 
will be discussed in Chapter 13. 
The fourth type of redistribution, span-to-span redistribution, is 
a special case of beam to slab redistribution. The classical example of this 
type of redistribution is the distribution of moments in a fixed-ended square 
plate as compared to those in a square plate fixed on three edges, and simply 
supported on the fourth. In the fixed plate, the total slab moment is 
0.0386 WL in both directions. If one edge is allowed to rotate freely, the 
total moment parallel to the simply supported edge rises to 0.0518 WL while 
the total moment perpendicular to the simply supported edge drops to 0.0243 WL 0 
This may be interpreted as the redistribution of total moment from one span to 
the other 0 Actually the change in slab moment in one span is gained by an 
opposite change in the beams moments in the same span. 
Span-to-span "redistribution" can occur in a slab-beam structure 
when restraint conditions of the spans change relative to each other whether 
the change be caused by creep, cracking or yieldingo This requirement restricts, 
:for uniform loading of an entire structure, span-to-span redistribution ideally 
to unsymmetrical panels. The lack of symmetry may be in lateral dimensions, 
in the reinforcement provided, or in the edge restrain conditions. 
It should be pointed out that no redistribution takes place if all 
sections reach the yield moment at the same time. This would be the case for 
a fixed-ended beam or slab in which the reinforcement bad been proportioned 
exactly for the elastic moment conditions. No span-to-span redistribution 
should occur in a panel in which both spans are similar.. Lateral redistribution 
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can take place wherever the reinforcement is not distributed in the same manner 
as the moment before yielding 0 
Moment redistribution is an important feature of all of the limit 
design schemes since in a limit analysis} little or no attention need be paid 
to the distribution of moments at working loads as far as strength alone is 
concerned 0 The principal requirement is that the sections which reach yield 
first be able to maintain this moment while undergoing enough additional 
deformation to allow development of yield lines, or plastic hinges, at a suf-
ficient number of sections to cause collapseo Since the distribution of 
moments at failure is determined by the distribution of the reinforcement, the 
question is whether enough redistribution from the pre-yield distribution of 
moments can occur to cause yield of all the reinforcement before the limiting 
rotation is reached in any one section. 
In the design of a structure, considerations other than strength may 
of course also enter the pictureo In many cases crack control or deflection 
may be important, and it is necessary to distribute the steel to match the 
~aelastic1Hl moments closely in these cases 0 
As a side issue it should be noted that a settlement of one support 
of a structure will not decrease the strength of the structure. The principal 
effect of a settlement would be to increase the required rotation at one or 
more plastic hinge sections, and perhaps reduce it at others 0 The same 
settlement could cause very large moments and stresses in an elastic structure, 
and even cause yieldingo Since yielding is considered to be failure in elastic 
design, the effect of settlement on strength is believed to be large and 
extensive analyses are carried out to determine the consequenceso 
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10030 Interior Panel 
It must be pointed out that the interior panel of the test structure 
is not a typical interior panel because it borders on edge panels. The edge 
panel may be assumed to behave differently than an interior panel, and this will 
cause restraint and support conditions to be different from those in a typical 
interior panel. 
The negative-positive redistribution that occurred in the interior 
panel between 1.0 LL and 400 LL was of considerable magnitude. The ratio of 
negative to positive moment at 1.0 LL was about 40 This ratio dropped to about 
203 at 2~O LL and continued the same trend as the load was increased 0 At 4.0 LL 
the ratio was about 2. 
The changes in the total negative and positive moment coefficients 
for the interior panel in the two tests considered in this chapter are plotted 
in Fig. 107. The total negative or positive moment coefficient refers to the 
sum of the moments in the slab and one interior beamo 
The initial value of the total negative moment was 0.101 WL, and at 
the same load level, 1.0 LL plus DL, the total positive moment was 0.023 WL. 
As the load increased, the negative moment coefficient dropped rather rapidly, 
and was 0.087 at 2.0 LL. The positive moment coefficient rose to 0.038. The 
decline in the negative moment coefficient continued until 3.0 LL was reached, 
and then there was a sharp increase to 0.084 from 0.081, followed by a uniform 
decline to 0.079 at 4.0 LL. The sharp increase in negative moment between 
3.0 LL and 3-1/3 LL was caused by a sudden increase in the measured slab moment 
only. During this loading increment, there were some very large increases in 
measured steel strain in the negative moment regions of the slab. 
Some additional measure of the redistribution between positive and 
negative sections of the interior panel can be obtained from Fig. 109. At 
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1.0 LL, the total negative moment was 14.3 kip-in., and this increased 
linearly with load and at 2.0 LL, the moment was 20.2 kip-in. The moment at 
2-2/3 LL fits the same trend fairly well, but above 3-1/3 LL the slope of the 
curve decreases sharply. The moment at 2-2/3 LL was 2508 kipin., and at the 
break at 3-1/3 LL was 31.0 kip-in. At 400 LL the moment had reached 33.2 kip-
in. The total positive moment value for 1.0 LL was 306 kip-in. The total 
positive moment value for 1.0 LL was 3.6 kip-in., and following a sharp increase 
in slope at 1-2/3 LL, was 8.8 kip-in. at 2.0 LL. The slope of the curve was 
steeper above 2-2/3 LL than it bad been between 1.0 and 1-2/3 LL, and there was 
a small decrease in slope at 3-1/3 LLo The positive moment was 10.2 kip-in. at 
2-2/3 LL, and bad reached 18.3 kip-in. at 4.0 LL. 
The same type of redistribution of moments occurred within the slab 
as in the panel as a whole (Fig. 107). At 1.0 LL the negative slab moment was 
0.038 WL, but this rather high coefficient fell rapidly with increasing load 
and was about 0.026 WL at 2.0 LL as is shown in Fig .. 107 o. The positive 
moment was about 0.008 WL at 1.0 LL and 0.015 WL at 2.0 LL. At 3.0 LL, the 
positive moment had reached 0.012 WL, and remained close to this value until 
400 LL. At 3.0 LL the negative moment bad dropped to 0.022 WL but increased 
to 0.025 WL at 3-1/3 LL, and then dropped back to 0.022 WL at 4.0 LL. 
The rather high negative moment shown in the panel as a whole and in 
the slab in particular at 100 LL may be artificially high. The measured strains 
are quite close to the assumed cracking strains used in the moment-strain 
curves and therefore quite sensitive to the assumptions regarding cracking 
stress and strain in the concrete. The load-moment plot (Fig. loB) shows 
little change in moment in the slab between 1.0 LL and 200 LL, and on this 
basis it is believed that computed moments at the first three load increments 
are high due to the approximations involved in the moment-strain curve. 
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However, it should not be overlooked that the high negative moment 
could be real, and have a very reasonable basis. It is known that the corner 
columns lifted off of the reactions because of shrinkage strains before testing 
began. These reactions were shimmed up to meet the columns before testing began, 
but it cannot be assumed that shrinkage stopped at that time. If shrinkage 
did continue, it further reduced the edge reactions at the expense of increasing 
the negative moments at the interior columns. This could show up as an in-
creased negative momento However, there should be no increase in the moment 
increments unless the reaction was not in contact with the column when the 
loading started. 
The negative-positive redistribution in the slab itself can be shown 
in Figo loB. At 1.0 LL, the negative slab moment was 5.3 kip-in., which seems 
unreasonably high, and the positive 1.3 kip-in., for a ratio of negative to 
positive moment of 401. As the load was increased, the negative moment rose 
slowly and reached 509 kip-in. at 2.0 LLo The positive moment rose faster, and 
was 304 kip-in. at 200 LL, giving a negative to positive moment ratio of 1.70 
At 2-2/3 LL, the negative moment was 701 kip-in. Between 3.0 and 3-1/3 LL there 
was a considerable increase in moment, to 9.2 kip-in o , and since this represented 
yielding over most of the section width, the moment was only 905 kip-in. at 
400 LLo The positive slab moment increase was fairly uniform, with a small 
reduction of slope occurring at 3-1/3 LLo The reduction in slope was probably 
caused by cracking at the positive section. The positive moment at 2-2/3LL 
was 305 kip-in., and was up to 503 kip-in. at 4.0 LLo The corresponding ratios 
of negative to positive moment was 200 and 108 at 2-2/3 LL and 400 LL, 
respectively. 
The magnitude of negative moment in the slab in the lower load range 
is to be questioned. The very high moment, which increased only little during 
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the application of three more load increments, is based on very low strain 
measurements taken before and at the time of cracking in the concrete. The 
moments based on strains near the cracking strain are subject to errors due 
to the assumption of a sudden, sharp transition from uncracked to cracked 
section. 
The negative moment at 1.0 LL was about 5.3 kip-inc, but an estimate 
based on the slope of the line at the higher load levels would be about 4 kip-in. 
At 2.0 LL the moment is up to 6.9 kip-in., and this appears to be quite in line 
with the values at higher loads. 
Paralleling the redistribution occurring in the slab was a similar 
redistribution in the interior beams. As shown in Fig. 107, at 1.0 LL the beam 
negative moment was 0.063 WL, and the negative moment coefficiently decreased 
fairly uniformly in both tests. At 2.0 LL, the moment was 0.062 WL, it was 
0.058 WL at 3.0 LL and was 0.056 WL at 4.0 LL. The rise in the positive moment 
coefficient was not as gradual. At 1.0 LL the moment was 0.014 WL, and had 
risen to 0.023 WL at 200 LL. At 300 LL the moment had risen to 0.025 WL, and 
at 4.0 LL it was 0.031 WL. This represents a change in the negative to positive 
moment ratio from almost 4 at 1.0 LL to 1.8 at 4.0 LL. 
The redistribution which occurred in the beams can be shown also in 
reference to Fig. 108. In general, the slope of the negative moment curve 
decreased throughout loading while the slope of the positive moment curve 
increased. At 1.0 LL, the negative beam moment was 9.0 kip-in., and bad in-
creased to 1404 kip-in. at 2.0 LL. The positive moments at the same two loads 
were 2.0 kip-in. and 5.4 kip-in. The negative moment followed the same trend 
as at the lower load, and reached 18.7 kip-in. at 2-2/3 LL and, with only slight 
decrease in slope of the curve was 23.7 kip-in. at 4.0 LL. The 2-2/3 LL value 
for positive moment was below the trend for the moment at lower loads, being 
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6.7 kip-in. The moments from 3-1/3 to 4.0 LL were quite in line with all the 
lower load moments, and at 4.0 LL the moment was 1300 kip-in. 
Figure 107 can be used to show the redistribution of moments that 
occurs between the slab and the beams. The total slab moment coefficient that 
is the sum of the positive and negative moment coefficients started at 0.047 at 
1.0 LL, and decreased as the load increasedo At 2.0 LL the total moment coef-
ficient had dropped to 0.040, and at 2-2/3 LL it was 0.035 WL and again at 400 LLo 
The total beam moment was 0.077 WL at 1.0 LL, and rose with increasing load. At 
200 LL the moment was 0.085 WL, and the moment reached about 0.087 at 3-1/3 LL 
and remained at that value until 4.0 LL was reached 0 
Slab-beam redistribution can also be shown in Fig. 109. At 1.0 LL 
the total beam moment was 10.9 kip-in., and the total measured slab moment, 
which appears to be too high, was 606 kip-in. This gives a ratio of beam to 
slab moment of 1.7 which is a little lower than an elastic. analysis would 
indicate. At 2.0 LL the beam moment was 19.7 kip-in., and the slab 9.5 kip-in., 
for a ratio of 2.1 which is reasonable. At 2-2/3 LL the total beam moment 'was 
2504 kip-in., and the slope re~ined about the same up to 3-1/3 LLo By 400 LL, 
the moment in the beam was up to 36.7 kip-in. At 2-2/3 LL the slab moment was 
10.6 kip-in., for a ratio of 204 of beam to slab moment. At 3-1/3 LL there 
,was an abrupt flattening of the slope of the slab moment curve, caused by 
negative yielding in the slab but the moment reached 14.8 kip-in. at 4.0 LLo 
Thus at 4.0 LL, the beam to slab moment ratio. was 2050 
The total moment in the slab seems too high at the first three load 
increments. However, if the measured negative slab moment (Fig. 108) is reduced 
by 1.3 kip-in. as suggested by the trend of the measurements at higher loads, 
the first part of the total slab moment curve would appear much more reasonable. 
A moment of 1.3 kip-ine represents about 19 percent of the total slab moment, 
but it is a small moment in terms of absolute values. 
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In the case of the interior panel the intermediate stages in the 
intermediate stages in the lateral redistribution of moment (Fig. 110) are not 
too well shown, since the center half of the negative moment section yielded 
during the same load increment. A large increase in measured moment occurred 
between 300 LL and 3-1/3 LLo However, this does illustrate that the structure 
is capable of taking additional moment after the first part of a section reaches 
yield 0 At 3-1/3 LL the column strips of the panel bad not yet yielded, but at 
3-2/3 LL the column strip moments had increased, and at 4.0 LL the yield moment 
existed across the entire negative moment sectiono 
Since the interior panel is at least nominally symmetrical, there 
should have been no span-to-span redistribution. Very little evidence of such 
redistribution was found 0 
10.40 Edge Panel 
( a) Span Parallel to Edge 
The total negative or positive moment in the edge panel is taken as 
the total of the moments in the edge beam, the slab and half the moment in the 
interior beamo 
The negative-positive redistribution for the panel can be shown by 
reference to Figo Ill. At 1.0 LL, the total negative moment was 00089' W1 while 
the positive was 0.027 WL, the negative to positive moment ratio being about 3020 
At 200 LL the total negative moment was 0.085 WL and the positive 0.042 WLo The 
ratio of the negative to the positive moment had decreased to 2.0. 
At 2-2/3 LL both the negative and positive coefficients started to 
increase. The negative coefficient rose from 0.079 WL to 0.087 WL at 3-1/3 LL 
and then declined slightly to 00086 WL at 400 LLo The positive moment at 2-2/3 LL 
was 0.038 WL and rose rather uniformly to 00043 WL at 400 LL. The negative-positive 
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ratio of total moments was 2.1 at 2-2/3 LL and 200 at 4.0 LL. That both of 
these coefficients should increase seems inconsistent with statical equilibrium 0 
However, the edge panel is not isolated from the rest of the structure. 
Consequently, the assumed definition for the total static moment is not strictly 
correct and this apparent increase is not necessarily the result of errors in 
measurement or of interpretation of the measurements. 
The negative-positive redistribution can also be shown in reference 
to Figo 113 in which the moments are plotted in kip-in. The rate of increase 
with load was greater above 2-2/3 LL (Test 335) for both the total negative and 
I 
positive moments than it was below this load (Test 314) 0' The decrease in the 
slope of the total negative moment curve at 3-1/3 LL is a reflection of the fact 
that the negative reinforcement in the slab began yielding at that load. 
Part of the negative-positive redistribution occurred in the slab as 
shown in Fig. Ill. The slab negative moment at 1.0 LL was 0.037 WL, which is 
rather bigh. The negative moment coefficient dropped rapidly with increasing 
load and was 0.025 at 2.0 LLo The slab positive moment increased from 0.011 WL 
j to 1.0 LL to 0.015 WL at 200 LL. At 2-2/3 LL, the negative moment was 0.022 WLo 
It increased to 0.029 WL as the load was increased to 3-1/3 LLo From this 
point on, the negative moment coefficient decreased slightly as a result of 
yielding, and was 0.027 at 400 LLo At 2-2/3 LL, the positive moment was 
0.014 WL, and remained almost constant as the load was increased. 
The negative-positive redistribution in the slab can also be shown 
with plots of the absolute values of the moments (Figc 112)0 At 1.0 LL the 
negative moment in the slab was 5.3 kip-ina, and this moment increased very 
slowly as the load increased to 200 LLo At 200 LL, the moment was only 509 
kip-ino The negative moment followed much the same pattern as the negative 
moment in the interior panel. It was unreasonably high in the beginning of 
-89-
loading; an apparent effect which may be the result of errors in the interpreta-
tion of the very small strains measured in the early stages of loading 0 At 
100 LL; the positive moment was 105 kip-inc; giving a ratio of negative to 
positive slab moment of 3050 The positive moment increased more rapidly than 
the negative, and at 200 LL was 305 kip-ino, giving a ratio of negative to 
positive of 107v 
Above 200 LL, the negative moment increased much faster than beforeo 
The value was 608 kip-ino at 2-2/3 LL and reached 11.2 kip-in 0 at 3-2/3 LL. 
By this load level, yield"ing bad spread across most of the section, so the 
moment increased by only 002 kip-in 0 to 11.4 at 4.0 LLo The positive moment 
increased quite uniformly from 403 kip-in. at 2-2/3 LLto 6.0 kip-in. at 400 LLo 
The corresponding negative-positive moment ratios were 106 at 2-2/3 LL and 
109 at 400 LLo 
There was very little negative-positive redistribution in the edge 
beam as can be seen in Fig. 111. The coefficient for the negative moment in 
the edge beam was measured to be 00020 at 1.0 LLo This value increased to 
approximately 0.028 at 1-1/3 LL and remained at about the same level up to 
2.0 LLo In the following test; it was measured to be 00026 at 2-2/3 LL and 
increased at a steady rate to 0.031 at 400 LLo There was a slight increase 
in the positive moment coefficient as the load was increased from 1.0 to 200 LL, 
the measured coefficient varying from 0.009 to 00016. From 2-2/3 to 4 .. 0 LL, 
this coefficient varied from 0.012 to 0.0150 In either range of loading, the 
positive moment coefficient could be said to be almost constant, although the 
relative increase was substantial. The ratio of negative to positive beam 
moment was 202 at 1.0 LL and 201 at 400 LL which indicated very little, if any, 
negative-positive redistribution 0 Neither critical section of the beam bad 
yielded in the load ranges considered 0 
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The numerical values of the edge beam moments are plotted in Fig. 113. 
Straight lines can be fitted to the points for negative and positive moments 
between 1.0 and 2.0 LL, although neither line goes through the origin. The 
negative moment increases from 2.8 kip-in. at 1.0 LL to 6.8 kip-in. at 2.0 LL, 
and the positive moment increases from 101 kip-in. to 3.5 kip-in. in the same 
interval. In the second part of the curve, the negative moment increases 
linearly from 8.0 kip-in- at 2-2/3 LL to 13.2 kip-in. at 4.0 LL. The slope of 
the positive moment curve increases rather uniformly during the same load 
increments, the moment values being 309 kip-in. at 2-2/3 LL and 6.5 kip-in. 
A large redistribution occurred in the edge panel between slab and 
beams as the load was increased from 1.0 to 2.0 LL. The total beam moment was 
considered to be half the moment in the interior beam plus the moment in the 
edge beam. At 1.0 LL, the slab moment was 0.049 WL, and the beam moment 
0.067 WL, or a beam to slab moment ratio of 1.4. As the load was increased, 
the slab moment coefficient dropped, and was only 0.040 at 200 LLo At the same 
time, the beam moment rose sharply but erratically to 0.088 WL at 2.0 LL, 
re~ulting in a beam to slab moment ratio of 2.2. The rather low ratio of beam 
to slab moment in the early stages of loading may have been caused by poor 
contact between the columns and the reactions at low loads. 
Above 200 LL there was still some apparent beam-slab redistribution 
I 
but not as large as that below 200 LL. At 2-2/3 LL, the total beam moment was 
0.080 WI. This moment increased linearly to 0.090 WL at 400 LLo The slab 
moment at 2-2/3 LL was 0~'037 WL. This also increased to 0.043 WL at 3-1/3 LL 
and 400 LLc The ratios of beam to slab moment were 202 and 203 at 2-2/3 LL 
and 4.0 LL, respectively. 
Figure ll2 shows the numerical values of the total beam and slab 
moments. At 1.0 LL the total beam moment was 906 kip-in., and had increased to 
-91-
20.3 kip-in 0 at 2cO LLo The total slab moments for the same two loads were 
608 and 905 kip-in. y respectively 0 Above 2-2/3 LL J the slope of the total beam 
moment curve was greater than it bad been at the lower loads. The beam moment 
was 24.5 kip-ino at 2-2/3 LL and increased to 3800 kip-in. at 400 LLo The slope 
of the total slab moment curve above 2-2/3 LL was considerably greater than it 
had been below 200 LLo However, the low slope of the curve below 2-2/3 LL was 
a reflection of the unreasonably high negative slab moment values obtained for 
the initial loads. At 2-2/3 LL, the total slab moment was 11.1 kip-in. The 
slope decreased at 3-1/3 LL because of yielding in the negative moment sections 
of the slabo At 4.0 LL the total slab moment was 1704 kip-inc 
Lateral redistribution was quite evident at the negative moment 
sections of the slab 0 At 3.0 LL the section was entirely unyielded, but at 
3-1/3 LL yielding bad been indicated by one strain gage (Figc 114)0 At 3-2/3 LLy 
yielding had spread across the center half of the panel, and at 400 LL the gages 
at the edges of the panel indicated strains close to yieldo 
(b) Span Perpendicular to Edge 
In the sp~~ perpendicular to the edge of the slab, the illustration 
of the positive-negative redistribution is somewhat complicated by the presence 
of two different negative moment regions. In speaking of the total slab moment, 
for example, the average of the two negative moments plus the positive moment 
is what is indicated. A total section moment is the sum of the slab moment and 
one beam moment at thbt sectiono 
At 1.0 LL, the interior negative section total moment was 0.117 WL j 
the total positive was 0.038 WL, and the exterior negative moment was 0.019 WL, 
corresponding to an interior negative to positive to exterior negative moment 
ratio of 3ul to I to 0.50 These moments are plotted against load in Fig. 1150 
The interior negative moment is rather high, and is close to a moment in a 
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prepped cantilever span with no. retatienal restraint at the euter end, which 
" 
weuld be 0.125 WL. 
As the lead was increased abeve 1.0 11, the interier negative mement 
ceefficient dropped very quickly, and the mement was 00089 WL at 1-2/3 11 and 
2.0 LL. This reductien ef the prepertien ef the static mement carried by the 
interier negative sectien was accempanied by an equally sharp rise of the 
exterio.r negative mement co.efficient, which reached 0.043 at 2.0 LL. The 
po.sitive mo.ment also. increased, geing fro.m the 0.038 WL value at 1.0 LL to. 
0.049 WL at 200 11. At 2.0 L1 the ratio. ef interier negative to. po.sitive to. 
exterio.r negative mement was 1.8 to. 1 to. 0.9. 
Abo.ve 2.0 LL, the behavio.r was so.mewhat different. The interio.r 
negative mement in the panel at 2-2/3 LL was 0.092 WL. This value decreased 
gradually to 0.085 WL at 4.0 11. The positive mement ceefficient remained 
nearly constant between 2-2/3 L1 and 4.0 LL, with only small variatiens from 
0.052 WL. The exterio.r negative mement reached its peak of 0.056 WL at 
2-2/3 LL and decreased at a slow rate to. 0.050 WL at 4.0 110 The raties o.f 
interior negative to. positive to exterior negative mements were 1.8 to 1 to 
1.1, and 1.6 to. 1 to. 1.0 at 2-2/3 LL a~d 4.0 LL, respectively 
The negative-pesitive redistributien can also. be shown in Fig. 117, 
sho.wing the mo.ments in kip-in. pletted against applied load. The interio.r 
negative mement at 1.0 LL was 16.5 kip-ino, and ro.se o.nly slightly to. 1700 
kip-in. at 1-1/3 LL" This is an unreaso.nably small increase which suggests 
that either the evaluatien ef the negative mement ef the initial load was 
incerrect er that there was a drastic change in the suppo.rt cenditiens at the 
exterier ro.w ef celumns. The mement increased abeut as would be expected 
at 1-2/3 LL and 2,,0 11. The exterio.r negative mement was a very low 2.7 kip-in. 
at 1.0 LL, but rese quickly to. reach 10.2 kip-in. at 200 11. The slepe of this 
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curve is so steep that if the curve is projected backwards it appears as if 
there were no negative moment at the exterior section until a load of about 
75 psf was reached. The slope of the exterior negative moment curve is as great 
as the last part of the interior negative moment curve, indicating a very rapid 
pick-up of moment.' The low exterior negative moment could be a result of little 
or no contact between the columns and the reactions in the unloaded condition. 
The positive moment started at 503 kip-in. at 1.0 LL and increased at an 
increasing rate as the loading progressed, with a value of 11.5 kip-in. at 200 LLo 
At 2-2/3 LL, the interior negative moment was 28.1 kip-in., and this 
reached 3600 kip-in. at 4.0 LL, the rate of increase decreasing slowly. At 
2-2/3 LL, the exterior negative moment, 17.0 kip-in., was slig~tly higher than 
the positive moment, 1508 kip-in. At 3-1/3 LL, these moments converged to 
18.8 kip-in., and the positive moment continued to rise at the same rate, 
reaching 2201 kip-in. at 4.0 LLo The exterior negative moment curve increased 
at a faster rate above 3-1/3 LL than before, but was still less than the 
positive amount when the load reached 400 LL, with a value of 2101 kip-in. It 
should be noted that the increase of slope of the exterior negative moment 
curve occurred at the same load as the decrease in slope of the interior 
negative moment curve. 
Part of the redistribution between positive and negative sections 
occurred in the slab, as can be shown in Fig. 116. The moment coefficient for 
the interior negative section dropped continuously during testse At 1.0 LL 
the moment was 0.041 WL, which is unreasonably high, but this dropped to 
0.034 WL by the time 1-1/3 LL was reached. A more gradual drop followed? and 
the moment coefficient was 0.031 at both 200 and 2-2/3 LL. Above 2-2/3 LL, 
the drop in coefficient was linear, reaching 0.022 at 4.0 LLo The entire 
interior negative moment section had yielded at 2-2/3 LLo Accompanying this 
-94-
drop was an equally sharp rise in positive and exterior negative moments, at 
least below 200 LL~ The positive.,and exterior negative moments were 0.008 WL 
and 0.007 WL, respectively at 1.0 LL. These moment coefficients both increased 
linearly up to 2.0 LL, when they reached 0.016 and 0.014. Between 2-2/3 and 
400 LL the slab positive moment coefficient remained close to 0.014. The 
exterior negative slab moment was 0.011 WL at 2-2/3 LL and increased slightly 
to 0.013 WL at 4.0 LL. 
At 1.0 LL the ratio of interior negative to positive to exterior 
negative moments was 5.1 to 1 to 0.9. By the time 2.0 LL had been reached, 
the ratio was much more reasonable, 1.9 to 1 to 0.8. At 2-2/3 LL the ratio 
was 2.1 to 1 to 0.7, and at 4.0 LL the ratio was 1.6 to 1 to 0.9. From this, 
it can be seen that the positive moment region carried an increasingly larger 
portion of the total moment as the load was increased. 
The redistribution of moments occurring in the slab can also be shown 
by the comparison of the moments expressed in kip-in. and plotted in Fig. 118. 
The interior negative slab moment was 509 kip-in. at 1.0 LL, which seems a 
little high, and rose but slowly to 7.3 kip-in. at 2.0 LLo At 2-2/3 LL the 
moment was 9.45 kip-in., and since this was the yield moment of the section, 
the moment remained at this value throughout the test. While the initial nega-
tive moment was quite high, the initial positive moment was 1.1 kip-in., and the 
exterior negative moment was even less at 008 kip-in. Both of these moments 
increased quite rapidly as the load was increased, and at 2.0 LL the positive 
was 307 kip-in. and the exterior negative 302 kip-in. Again, if the exterior 
negative moment curve was projected backward below 1.0 LL it would appear that 
there had been no rotational restraint until about 75 psf had been applied. 
At 2-2/3 LL, the positive slab moment was 407 kip-in., and this 
increased slowly to 5.8 kip-in. as the load was increased to 400 LL. The 
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exterior moment was only slightly higher at 2-2/3 LL than it was at 2 LL, or 
303 kip-in. as compared to 3.1 kip-in. This moment increased to 507 kip-in at 
400 LLo 
The remainder of the positive-negative redistribution occurs in the 
interior beam perpendicular to the edge, and this can be shown with reference 
to Fig. 116. The interior negative moment coefficient, as in the slab, was 
rather high, being 0.076 WL at 1.0 LLo This coefficient dropped rapidly as the 
load increased and at 2.0 LL was 0.057. Between 2-2/3 and 4.0 LL, it was about 
0.0630 The beam positive moment was 0.030 WL at 1.0 11, and remained close to 
this value until just before 200 LL was reached, at which time the moment rose 
to 0.033 WL. At 2-2/3 11 the positive moment in this beam was slightly higher, 
0.037 WL, and the coefficient increased slowly with loading until 0.039 was 
reached at 400 LL. Offsetting the very high interior negative beam moment, 
the exterior negative beam moment was only 0.013 WLo As the load increased 
and the interior negative moment coefficient dropped, the exterior beam nega-
tive moment rose rapidly, and by 2.0 LL had reached 0.030 WLo This represents 
a change in the ratio of interior negative to positive to exterior negative 
beam moment from 205 to 1 to 0.4 at 1.0 11 to 1.7 to 1 to 0.9. This is a large 
change, and it occurred without any yielding, or even much cracking, taking 
place 0 The fact that not even much cracking occurred during this large redis-
tribution would be a further indication that the edge columns were not in g~od 
contact with the reactions when loading was started 0 At 2-2/3 11 the exterior 
negative beam moment was 0.045 WL, but the coefficient dropped considerably 
with further loading, and was down to 0.037 at 400 LLo The interior negative 
to positive to exterior negative beam moment ratio was 1.6 to 1 to 1.2 at 
2-2/3 11 and at the maximum load of 4.0 LL the ratio was 1.6 to 1 to 0.9, or 
not much changed from the 2-2/3 11 value. 
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The numerical values of the moments in the interior beam perpendicular 
to the edge are shown in Fig 0 118 0 At the low loads (1.0 to 1-2/3 LL) the 
slope of the interior negative moment curve was extremely low, as was the slope 
of the positive moment curve, but the slope then increased to a more reasonable 
value 0 The interior negative moment increased at the higher rate until the 
slope reduced slightly at 3-1/3 LL, and the positive moment slope remained about 
the same from 2-2/3 to 400 LLo The initial slope of the exterior negative 
moment curve was quite steep from 100 to 200 LLo If this curve is projected 
backwards, it appears that there was no moment. at the section until an applied 
load of about 75 psf was reachedo The exterior negative beam moment was very 
high at 2-2/3 LL, but increased only slightly until 3-2/3 LL was reached, and 
then the slope became the same as it had been previously. The higher interior 
negative moment and positive moment at the low load levels could have 'been a 
result of lack of rotational restraint at the exterior negative section, and 
this is the case of a propped cantilever beam. Then when the rotational re-
straint did develop, at 75 psf, the rate of increase became much less. No 
yielding occurred in the beams. 
There was some redistribution between the slab and the beams, especially 
at the lower loads as may be shown in Figo 1150 At 1.0 LL, the total.beam 
moment, that is the average of the two negative moments plus the positive moment, 
was 0.074 WL and the total slab moment 0.032 WL, for a beam to slab moment ratio 
of 2030 As the load was increased, the beam moment coefficient dropped, reaching 
a minimum at 1-2/3 LL, where the moment was 0.069 WL, and the slab total moment 
increased uniformly, reaching 00036 WL at 1-2/3 LL and 0.038 WL at 200 LLo Thus, 
the beam to slab ratio of total moments was 1.9 at 1-2/3 LL, and this was the 
smallest ratio obtained. At 200 LL the total beam moment r~d increased to 
0.077 WL, giving a beam to slab ratio of 200. At the beginning of the second 
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test considered, (2-2/3 LL) the total beam moment was a rather large 0.089 WL, 
and remained at this value until 400 LL was reachedo The total slab coefficient 
at 2-2/3 LL was 0.036, and it decreased uniformly to 0.031 at 400 LLo The beam 
to slab moment ratios at 2-2/3 and.400 LL were 2.5 and 209. The slab bad 
yielded at the interior negative section by the time 2-2/3 LL was reached, and 
this may explain at least in part why the ratio of beam to slab moment became 
so high at the later loads 0 
The beam-slab redistribution can also be shown in terms of the 
numerical values of the total moments, which are plot ted against .. load in Fig 0 1170 
The initial slope of the total beam moment curve was reasonable and did line up 
with the origin of the figure. The slope increased at 1-2/3 LL, which is about 
the load at which cracking occurred in the sl'ab, and retained a higher slope 
from 2-2/3 to 4.0 LL. The total slab moment curve between 1.0 and 200'LLwas 
fairly steep and did not line up with the origin. There was a reduction in 
slope at 1-2/3 LL, when cracking occurred, and the slope ·was still less between 
2-2/3 and 4.0 LL because the interior negative moment section of the slab began 
yielding at 2-2/3 LL. 
There is no good illustration of lateral redistribution in progress 
in this span. At 200 LL nothing bad yielded, but at 2-2/3 LL the entire interior 
negative section of the slab bad yielded. About all that can be said is that 
the distribution of moments across the section changed from roughly parabolic 
to rectangular between 2.0 and 2-2/3 LLo This is shown in Fig. 119. 
The edge panel was the only panel in the test structure in which the 
i~span-to-span redistribution" co~d take place. Figure 120 can be used to 
illustrate this. At 1.0 LL the span parallel to the edge of the structure was 
carrying the larger moment, 00047 WL as compared to 0.032 WL carried by the 
span perpendicular to the edge. The moment coefficient for the parallel span 
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dropped and the coefficient for the perpendicular span increased while the. load 
was increased to 2.0 LL. At 2-2/3 LL both moments were equal, but the coef-
ficients for the parallel span increased with the load while the perpendicular 
span coefficients decreased as the load increased. At 3-1/3 LL the highest 
parallel span coefficient was reached with a moment of 0.043 WL, and the corre-
sponding perpendicular span moment was 0.033 WL. At this. load the negative 
portions of the parallel span started to yield, and this caused a drop of the 
moment coefficient as loading continued. At 400 LL the Parallel span moment was 
back down to 0.041 WL, and the perpendicular span moment was 0.032 WLo The 
ratio of parallel to perpendicular span total slab moment varied considerably, 
being 1.5 at 1.0 LL, 1.1 at 2.0 LL and 1.3 at 4.0 LL. In the ultimate loading 
condition, the ratio must of course be in the same ratio as the yield moments 
in the two spans, and this sho~ld make the parallel span moment 1.17 times the 
perpendicular span moment 0 
Again considering Fig. 120, the numerical values of the total slab 
moments in the two directions can be used as an indication of redistribution 
when they are plotted against the applied load. At 1.0 LL the moment in the 
span parallel to the edge was higher than in the perpendicular span, but the 
slope was lower. At 2.0 LL, the parallel span total slab moment was slightly 
greater than the perpendicular span momento At 2-2/3 LL the moments were 
equal, but the interior negative moment section bad completely yielded so the 
slope of the curve for this span was considerably lower than before. The moment 
in the span parallel to the edge rose sharply between 2-2/3 and 3-1/3 LL but 
the slope decreased then because yielding had spread completely across the 
negative moment sections. 
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10050 Corne'r Panel 
In the corner panel, a total section moment, such as the total 
positive moment, is taken as the sum of the moments in the edge beam, the slab 
and half the moment in an interior beam perpendicular to the edge of the slab 0 
A total span moment, such as the total slab moment, is taken as the average of 
the two negative moments plus the positive momento 
As in the panels discussed previously, there was considerable 
redistribution of moments between positive and negative sections in the corner 
pane1. This redistribution may be illustrated in terms of moment coefficients, 
which are plotted against load, in Fig. l21. As in all other cases, the 
interior negative moment value of 0.106 WL at 1.0 LL was quite high, but dropped 
rapidly as the load was increased~ At 2-2/3 LL the total interior negative 
moment was 0.085 WL, and the coefficient increased with the load until 0.089 
was reached at 3-1/3 LL. From then on the coefficient decreased, due to yielding 
in the slab, and the moment was 0.087 WL at 4.0 LL. The positive and exterior 
negative moments both started low at 1.0 LL, and in general increased with the 
load throughout the range of loading. Both moment coefficients rose almost 
linearly as the load was increased to 200 LL. At 1.0 LL the ratio of interior 
negative to positive to exterior negative moment was 207.to 1 to 0.5, and at 
2.0 LL this ratio bad changed to 1.9 to 1 to 0.8. At 2-2/3 LL the exterior 
negative moment was 0.048 WL, which was slightly larger than the positive 
moment of 0.047 WLo The exterior negative moment increased with load to about 
0.052 WL, and remained at that value until 4eO LL was reached# The,positive 
moment also increased, but more gradually, and was 0.053 WL at 400 LLo The 
ratio of interior negative to positive to exterior negative moment was 1.8 to 1 
to 1, at 2-2/3 LL, and 4.0 LL was 1.6 to 1 to 1. The positive and exterior nega-
tive moments have to approach the same value at the higher loads, since the 
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amount of steel was nearly the same at both sections. However, in the loading 
range considered here, both sections were far below their yield capacitieso 
The redistribution of moments between the positive and negative moment 
sections in the panel as a whole can also be illustrated in Fig. 123, showing 
the numerical moment values plotted against load. The initial interior negative 
moment values appear quite high but could be reasonable on the same basis as 
explained previously. The increase of interior negative moment was very small 
betwe~n 1 and 1-2/3 LL, but the slope then increased and remained at this 
higher slope until 3-1/3 LL was reached. Beyond 3-1/3 LL yielding in the 
interior negative moment section of the slab reduced the slope of this curve 0 
The total positive moment curve almost lines up with the origin. The moment 
increase is linear between 1.0 and 2.0 LL, and also between 2-2/3 and 400 LL 
but with a slightly higher slope for the latter load levels. If the exterior 
negative moment curve is projected backwards, it would seem that there had been 
no moment at that section until a load of about 70 psf was reached. The exterior 
negative moment was lower than the total positive moment between 1.0 and 200 LL, 
but these two moments were nearly equal between 2-2/3 and 4.0 LLo 
The same general pattern of negative-positive redistribution of 
moments occurred in the slab as occurred in the panel as a whole. This can be 
seen in Fig. 121. The interior negative slab moment star~ed high, 0.041 WL, at 
1.0 LL, but the coefficient dropped quickly with increased load. Both the 
positive moment and the exterior negative moment coefficients started with low 
values, and rose uniformly as the load was increased 0 The ratio of interior 
negative to positive to exterior negative was 3.7 to 1 to 1.6 at 1.0 LL, and 
1.9 to 1 to 0.6 at 200 LLo 
At 2-2/3 LL the interior negative slab moment was 0.034 WL, and the 
coefficient decreased uniformly because of yielding until 400 LL was reached. 
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The positive moment was about 0.015 WL throughout the second range of loading 
(2-2/3 LL to 4.0 LL). In the same range, the exterior negative moment coef-
ficient varied between 0.009 and 0.012 WL~ The ratio of interior negative to 
positive to exterior negative changed from 2.3 to 1 to 0.6 at 2-2/3 LL to 1.9 
to 1 to 0.8 at 4.0 LLo 
The negative-positive redistribution in the slab can also be shown 
using the curves of moment in kip-in. plotted against applied load in Fig. 1240 
The initial slope of the interior negative moment curve was quite low, with 
little increase in moment between 1.0 and 1~2/3 LL. The slope increased sharply 
at 1-2/3 LLo Above 2-2/3 LL the slope was quite low because yielding began at 
2-2/3 LL.and had spread across most of the section by 400 LL. The slab positive 
and exterior negative moments plotted as straight lines against load between 
1.0 and 2.0 LL, although backward extensions of both lines indicated zero 
moments at about 50 psf applied load. 
Between 2-2/3 and 4 .. 0 LL the positive slab moment increased slower 
than previously, possibly because of cracking of the slab. The exterior negat"ive 
moment increased more rapidly than before between 2-2/3 and 3-1/'3. LL and then 
the rante of increase dropped to approximately its initial valueo 
There were several changes in moment in the exterior beams that would 
not be considered redistribution per se because the same changes occurred in 
the same direction at all three critical sections of the beam. 
At 1.0 LL the interior or continuous end of the corner panel edge 
beam carried a moment of 0.027 WL, as shown in Fig. 1220 The coefficient had 
increased to 0.029 at 2.0 LL. The positive moment in the edge beam remained 
close to 0.014 WL for the entire range between 1.0 and 200 LL. There was a 
definite uniform increase in the exterior negative edge beam moment coefficient 
from 0.007 to 1=0 T.T. to 0=013 at 200 LLo The ratio of interior negative to 
positive to exterior negative moment was 201 to 1 to 005 at 1.0 LLo At 200 LL 
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the moment ratio was 2.1 to 1 to 0.9, which shows a considerable increase of 
the exterior negative moment. 
. Above 2-2/3 LL the moment coefficients of, all three sections of the 
corner panel edge beam increased, particularly durin~ the load increment between 
2-2/3 and 3.0 LL. The interior negative moment coefficient increased from 
0~021 at 2-2/3 LL to 00028 at 400 LL. The positive beam moment increased from 
00013 WL at 2-2/3 LL to 0.020 WL at 4.0 LL. The exterior negative moment was 
higher than the positive during this stage of loading with the coefficient 
increasing from 0.015 to 2-2/3 LL to 0.023 at 4.0 LLo The ratio of interior 
negative to positive to exterior negative moment in the corner edge beam was 
1.6 to 1 to 1.2 at 2-2/3 LL and was 1.5 to 1 to 1.2 at 400 LL. Both ratios are 
quite different from the ratios at the 100 and 200 LL levels. 
The changes in the rate at which the various sections of the beam 
pick up moment are perhaps better shown in Fig. 124, which is a plot of numerical 
values of moment against applied loado It can be seen that the three beam 
moment curves are appreicably steeper between 2-2/3 and 400 LL than between 1.0 
and 200 LL. 
This high rate of increase of beam moment and low rate of increase of 
slab moment is best examined as beam-slab redistribution. Figure 121 contains 
plots'of total beam and total slab moments, in terms of moment coefficients, and 
Figc 123 contains the same information expressed in numerical values of the 
moments. 
Looking first at the moment coefficients, it can be seen that from 
100 to 1-2/3 LL the total beam coefficient remained about constant, followed by 
a sharp increase before 200 LLo The 1.0 LL moment was 0.067 WL, and the 200 LL 
value was 0.074 WL.. The total slab moment was about 0.036 WL in the same range 
of loading. The ratio of beam to slab moment was 1.9 at 1.0 LL and 2.0 at 200 LL, 
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which is a very small change 0 Beyond 2-2/3 LL the picture ~as somewhat 
different, with a continuous increase in beam moment and a countering continuous 
reduction of slab moment coefficients 0 At 2-2/3 LL the total beam 'moment was 
0,,076 WL and the total slab moment 00037 WL, for a ratio of 201. However,at 
400 LL, the total beam moment was 00089 WL, and the total slab moment 0.033 WL J 
giving a ratio of 2.70 
The same trends in the total beam and slab moments can also be shown 
with the plots of the numerical values of the moments against load in Fig. 123. 
The total beam moment at 1.0 LL was 9.0,4 kip-ino and this increased uniformly 
as the load was increased, reaching 1700 kip-in. at 2.0 LLo This portion of 
the curve passed through the origin of the coordinate axes when extended back-
wards, as did the total slab moment curveD However, at 2-2/3 LL the slope of 
the total beam moment curve increased, and the moment increased from 2303 kip-in 0 
at 2-2/3 LL to 37.6 kip-in. at 400 LLo The total slab moment at 1.0 LL was 
400 kip-ino and as loading progressed the slope of the curve got slightly 
steeper. The 2.0 LL moment was 808 kip-in 0 At 2-2/3 LL the total slab moment 
was 906 kip-ino, and at 300 LL there was a marked reduction in slope of the 
curve. The 400 LL total slab moment was 1308 kip-in 0 The beam moment curve 
had an increase in slope at about the same point that the total slab moment 
curve flattened out, indicating that the initiation of appreciable redistribu-
tion occurred at that time. 
The lateral redistribution that occurred at the interior negative 
moment section of the corner panel slab followed a IIvcl assical" pattern, as can 
be seen in Fig. 125. At 2-2/3 LL the reinforcement at the center of the section 
had reached yield, and according to the strain measurement, was only just past 
yield strain. This would then represent the moment distribution very close to 
the beginning of yield. As the load was increased to 3-1/3 LL, the moments 
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increased on both sides of the center of the section. As the load was increased 
to 4.0 LL the moment at the right quarter-point of the panel was very close to 
the yield moment, and would have reached the yield moment if the load had been 
increased a little more. 
11. COMPARISON OF THE MEASURED MOMENTS .IN TEE STRUCTURE 
FOR DIFFERENT LOADING PATTERNS AT 200 LL + 1.0 DL 
11.1. Introductory Remarks 
One of the objectives of this experimental study was to determine 
the effect on the moment at the various design sections of dif.ferent patterns 
of loading at the design load level. However, the measured strains in the 
structure were so small at the de'sign load level that thereliabili ty of the 
moments computed from the strain readings was not satisfactory for general 
comparisons to be made. Therefore, these comparisons are made at the 200 LL + 
1.0 DL level, a load which appeared to be a more reasonable working load for 
the structure on the basis of all aspects of. observed behavior. 
The measured moments may be presented in terms of either the absolute 
magnitudes in kip-in. or in terms of moment coefficientso These coefficients 
are the constant nc" in the equation M ::;:: CWL where W is the load in a single 
panel and L is the clear span. In the following discussion, the moments and 
coefficients are those resulting from the applied load only. 
The moments were obtained from the measured strains as described in 
Section 9 .3b. Then, using the known applied load the moment coefficients C 
were computed 0 For this computation W was equal to w x L x LV where w is the 
applied load per unit area, L the span under consideration and L' the perpen-
dicular span, or full width of the panel. In the test slab, Lv was 60 in., 
and L was taken as the clear span between the beam faces in the interior panel, 
or 57 in. 
All of the moments and coefficients which follow are based on the 
series of tests at 2.0 LL + 1.0 DL beginning with Test 314 and continuing to 
Test 3340 
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Both moments and coefficients are tabulated in Table 7 for each 
critical slab and beam section. The moments for the uniform load over the 
entire slab are presented first, then the moments produced by "single panel~ 
loadings and finally the moments produced by the various checkerboard loading 
patterns which theoretically produce the maximum moments. For the positive 
.moment regions of the slab and the moments in the edge beams, the "single paneln 
loading does consist of only one panel loaded. However, for negative moment 
regions, a nsingle panel" loading refers to two adjacent panels loaded 8 Four 
such negative moment loadings were obtained, and each is marked with an 
asterisk in the table. These moment values were obtained by superposing the 
results of two individual panels loaded separately. 
11.20 Interior Panel 
The positive moment for the interior panel was 0.015 WL for all 
panels loaded. This coefficient was 0.014 when only the interior panel was 
loaded. For the positive moment checkerboard loading, in which the interior 
panel and the four corner panels were loaded, the coefficient was 0.017, which 
is 13 percent higher than the moment for ail the panels loaded. The coef-
ficients, and the corresponding moments are listed in Table 7. 
Only the moment for the uniform loading condition is available 
directly for the negative moment sections of the interior panel. The moment 
coefficient was 000260 Another coefficient was obtained by superposing the 
results of two of the single panel loadings, the interior panel and an edge 
panel} and the resultant coefficient was 0.025, which is not appreciably 
different than for the uniform loading caseo 
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11.3. Edge Panel 
(a) Span Parallel to Edge of the Structure 
Tbisspan of the edge panel should be somewhat similar to the interior 
panel of the structure because the end restraint conditions are quite similar. 
The moment values tabulated in Table 7 also bear out this observation. The 
positive moment for the case of a uniform load over the entire structure was 
0.015 WL, and was not increased by the single panel loading. A checkerboard 
loading consisting of loading the four edge panels increased this moment to 
0.018 WL, which is 20 percent greater than the moment obtained from loading the 
entire structure. 
The negative moment in the span parallel to the edge of the slab for 
the uniform loading over the whole structure was 0.025 WL. Neither the super-
posing of two single pa~el loads nor the checkerboard loading for maximum nega-
tive moment at this section produced a moment significantly different from this 
value 0 The checkerboard loading for this case cons.isted of five panels loaded 0 
For the maximum negative moment at the north edge of panel F, for example, 
panels A, C, D, f and H were loadedo 
(b) Span Perpendicular to Edge of the Structure 
In general, the slab moments in the span perpendicular to the edge of 
the slab were somewhat higher than those in the span parallel to the edge. The 
positive moment when all spans were loaded (00016 WL) was only slightly. higher 
than the 0.015 WL measured in the parallel span, but the interior negative 
moment of 0.032 WL was 28 percent higher than the negative moment measured in 
the parallel span. The exterior negative moment in the slab was 0.014 WL when 
all panels were loadedo 
The single panel loading of the panel resulted in lower positive and 
exteriQr negative slab moments instead of increasing them in comparison with 
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the values obtained when all panels were loadedo The positive moment was 
reduced from 0.016 to 0~011 WL, and the exterior negative from 0.014 to 0.009 WL; 
both were reduced to about 70 percent of their previous values. Theoretically, 
a checkerboard loading with the four edge panels loaded causes the maxi~um " 
moments at both of these slab sections. The positive moment from the checker-
board loading was 0.015 WL, which is slightly less than the 0.016 WL measured 
when all panels were loaded. This same loading did increase the exterior nega-
tive moment from 0.014 WL to 0.016 WLo No loading for maximum moment at the 
interior negative slab section'was carried out, but superposing the moments 
resulting from two single panel loadings gave a moment of 0.034 WL for a 
nsingle panel" loading which was six percent greater than resulted from loading 
all panels of the structure. 
Theoretically, both the single panel and checkerboard loadings should 
cause greater moments at the positive and exterior negative sections than are 
obtained in the case where all panels of the slab are loaded. The reason for 
the reduction in moment rather than an increase may lie in the fact that the 
beams were not rigid. Actually, the stiffness of the beams relative to the 
slab is greater when panels on both sides of the beam are loaded. 
There are at least two phenomena involved in this reduction of 
moment. One is that the effective stiffnesses of the beams were increased by 
unloading the corner panels of the structure. Since the beams were effectively 
stiffer than previously, they carried more of the edge panel moment~ Consequentl~ 
there was less moment for the slab to carry 0 The second effect might be called 
nleakage" of the moment from the loaded slab into the adjacent panels. This can 
occur only in a structure in which the beams can deflect, since rigid beams tend 
to isolate the panel from outside influences. The strain measurements indicated 
that there was leakage of moment into adjacent panels at all three critical 
sections, although the greatest amount occurred at the positive moment section. 
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Thus, a change in beam stiffness and help from the adjoining slab sections was 
the cause of the reduction in the moments. The interior negative moment section 
was not so affected because of less leakage, but also because the negative 
moments are less sensitive to changes in beam flexural stiffness than are the 
positive momentso 
The difference in the amount of nleakage tt from the edge and interior 
panels may be illustrated by Fig. 126. The upper plot shows the strain distribu-
tion at the centerline of the north row of panels when the loading pattern shown 
was applied. The strains in the corner panel are practically uniform, and all 
are positive. The lower plot shows the distribution of strains along the 
centerline of the structure for the loading pattern shown. The strains in the 
unloaded panel in this case are very small, and in some of the cases are in 
compression. These two plots show that there was considerably more Itleakage n 
in the end strip of panels than in the interior strip. 
A similar reduction in positive moment did not occur in the interior 
panel or in the edge panel in the span parallel to the edge of the structure. 
The interior beams supporting these panels were stiffer than the beams which 
were perpendicular to the edge of the structure, and this reduced the ftleakage~ 
of moment from one panel to the nexto In the case of the edge beam supporting 
the edge panel, the stiffness of the beam was actually reduced by the single 
panel loading because of the reduction of negative moment restraint at both 
ends, and this reduction of beam stiffness in turn caused a greater slab momento 
11040 Corner Panel 
The moments in the corner panel and the moments in the edge panel in 
the span perpendicular to the edge of the slab should be similar, at least for 
the case where all panels are loaded, because the restraint and support conditions 
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were quite similar 0 Examination of the values listed in Table 7 shows that 
this is trueo 
The moment at the interior negative moment section was 00032 WL when 
all panels were loaded 0 Superposing two single panel loadings also resulted 
in a coefficient of 0.0320 The checkerboard loading for maximum negative 
moment produced a moment of 00035 WL, which was nine percent higher than the 
moment resulting. from loading all of the panelso The checkerboard loading for 
maximum moment at the south edge of panel C, for example consisted of loading 
panels A, Cj D, F and Ho 
The positive moment in the slab section of the corner panel was 
0.017 WLo The single panel loading of the corner panel produced a slightly 
lower moment coeffiCient, 00015, which was 88 percent of the moment produced 
by the uniform loading case. The checkerboard loading with the four corner 
panels and interior panel loaded resulted in a moment coefficient of 0.018, or 
six percent larger than the moment resulting from the loading of the entire 
.. 
slab 0 This difference is insiginificanto 
The exterior negative moment in the corner panel was 00010 WL when 
the entire slab was loaded to 2 .. 0 LLo The single panel loading of the corner 
panel resulted in a moment of 00006 WL, and the checkerboard loading resulted 
in a moment coefficient of 000090 The checkerboard pattern was the same pattern 
used to produce the maximum positive moments in the corner and interior panels. 
11 0 5 0 Interior Beams 
(a) Span Parallel to Edge of Structure 
There were two different kinds of interior beams supporting the slabo 
Tne interior beam parallel to the edge of the structure is a beam spanning 
between two interior . columns , and·an interior beam perpendicular to the edge of 
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the structure refers to a beam spanning between an interior and an edge column 0 
The moments for the interior beams are tabulated in Table 70 
The ~ositive moment in the interior beam parallel to the edge of the 
structure was 00023 WL when the entire slab was loaded. Under the same loading 
condition, the negative moment was 00062 WLo No loading pattern was applied to 
obtain the maximum positive moment, but a checkerboard loading was applied to 
get a maximum negative momento This pattern consisted of loading the four panels 
grouped around an interior column and the corner panel located diagonally across 
the slab from the interior column 0 As an example, one such loading was panels 
B, C, E, F, and G. This negative moment loading produced only a slight two per-
cent moment increase to 0.063 WLo The same loading caused a significant 
increase in positive moment in the same beam because of the reduced negative 
moment restraint which occurred at one end. The positive moment increased to 
0.029 WL, which was 26 percent greater than the moment resulting from the 
loading of the entire structure. 
(b) Span Perpendicular to Edge of Structure 
The interior beams perpendicular to the edge of the slab have two 
different negative moment sectionso One, referred to as the interior negative 
section, is at the point where the beam frames into an interior column, and 
the other, called the exterior negative section is the section where the beam 
frames into an edge column 0 For the uniform load over the whole slab, the 
interior negative moment in this beam was 00058 WLo The maximum negative moment 
loading,the same as used for the interior beam parallel to the edge, caused 
an increase of the moment of nine percent to 00062 WLo It should be noted that 
the maximum moment loading produced nearly the same moment in both the interior 
negative section of the interior beam perpendicular to the edge of the slab and 
in the beam parallel to the edge of the slabo 
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The positive moment.in the interior beam perpendicular to the edge 
of the slab was 00034 WL and the exterior nega ti ve moment 0.030 WL 0 The same 
loading pattern theoretically produced the maximum moments at Qoth of these 
. sections 0 The positive moment coefficient was increased about 10 percent to 
00037, but the negative moment coefficient was reduced 10 percent to 00027. 
The /loading pattern was made up of five panels. As an example, for the maximum 
moments in the beam between panels Band C, panels B, C, D, H, and J were 
loaded. 
1106 " Edge Beams 
(a) Beams Adjacent to an Edge Panel 
The beams adjacent ~o an edge panel had similar restraint conditions 
at each end, so were symmetrical about the beam centerline. The positive moment 
for the case where all panels were loaded was 0.016 WL.. The single panel 
loading on the edge panel and the checkerboard loading of all four of the edge 
panels were equally severe for this beam, and each caused a 20 percent increase 
in positive moment to 0.020 WL. 
The negative moment in the edge beam was 0.030 WL when all the panels 
were loaded. The maximum moment loading condition caused only an insignificant 
four percent increase in moment coefficient to 0.031. This was the same loading 
pattern as was used to produce maximum positive moments in the interior beam 
perpendicular to the edge of the slab. Thus, for the maximum negative moments 
at the north end of the beam on the east edge of panel F, panels A, C, D, F 
and H were loaded. 
(b) Beams Adjacent to a Corner Panel 
The two negative moment sections for this beam are different, as one 
end of the beam frames into a side column and the other end into a corner column. 
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The end which frames into the side column will be referred to as the continuous 
end and the other end as the corner negative moment section. 
The moment at the continuous end negative moment section was 0.029 WL 
for the whole slab loaded and the checkerboard loading pattern did not change 
this moment. The checkerboard pattern was the same as that just described for 
the maximum negative moment in the edge beam adjacent to an edge panelo 
The positive moment when the entire structure was loaded was 0.014 WLo 
As for the edge beam adjacent to an edge panel, the single panel loading and 
the checkerboard loading had exactly the same results, and both increased the 
moment coefficient 14 percent to 0.0160 The checkerboard loading consisted of 
the four corner panels and the interior panel loaded, and the same pattern was 
used for both the positive moment section and the corner negative moment section 
maximum moments. 
The corner negative moment in the edge. beam was 0.013 WL when all 
panels were loaded. The single panel loading resulted in a slightly lower 
moment, 0.012 WL, which was 92 percent of the moment for all panels loaded 0 
The checkerboard loading caused an eleven percent increase in the moment coef-
ficient, the final value being 0.0140 
11.70 Check of Total Moment with Statics 
The sum of the measured moments in any one panel may be compared to 
the static moment for the given loading and span. The static moment equals 
0.122 WL for each span of each panel, with W being the total uniformly dis-
tributed load in the panel and L the span length. (See Section 1201 for 
discussion of static momentso) 
The total moment for a panel is the average of the two negative 
moments plus the positive moment. The moment at the section, such as the 
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positive moment, is arbitrarily defined as the sum of the moments in the slab 
and in one beam when the beams on the two sides of the panel are similar.. This 
would be the case for the interior panel.. When the two beams are not similar, 
as in a corner panel, the section moment is taken as the sum of the moments in 
the edge beam and the slab plus balf of the moment in the adjacent interior 
beam .. 
The following. table lists the total moments coefficients for each of 
the four cases involved in the test slab. 
Edge Panel 
Interior Panel Corner panel 
Total Moment 
Coefficient 
Percent Static 
Moment 
0.126 
103 .. 3 
Parallel S.pan Perpendicular Span 
0.128 0.117 0.112 
10409 92 .. 0 
The moments in the two spans in which both negative moment sections 
were similar, that is the interior panel and the edge panel in the span parallel 
to the edge of the slab, gave a quite good check with the static momento The 
check was not as good in the corner panel or the edge panel in the span perpen-
dicular to the edge of the slab .. 
None of the checks of the total moment with the static moment was too 
poor.. The large error in the end span cases may result from the fact that in 
this case two of the three critical sections, the exterior negative and the 
positive moment sections, had relatively low measured steel strains, and it was 
in this range of strains that the moment-steel strain relationships described 
in Chapter 8 were least reliable. It is also unlikely that the difference 
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between the total and static moments could possibly be concentrated at one 
particular sectiono It is more likely that the differences were distributed 
among the various sections so that the error at any one section was quite small 
numerically if not percentage wiseo 
12. COMPARISON OF MEASURED MOMENTS WITH MOMENTS 
GIVEN BY DESIGN PROCEDURES AND THEORETICAL ANALYSIS 
12.10 Introductory Remarks 
In this chapter the moments measured at DL + 2.0 LL in the slabs and 
beams of the test structure are compared with the moments required by each of 
four design procedures, and with the results of two different analyses. The 
discussion of the moments will be carried out in reference to four different 
n spans": (a) interior panel, (b) edge panel, span parallel to the edge of the 
structure, (c) edge panel, span perpendicular to edge of the structure, and (d) 
corner panel. The moments in the beams will be discussed in connection with 
the panel momentso 
The four design methods with which the measured moments are compared 
are the following: 
(a) 
(b) 
(c) 
(d) 
ACI Method 1 (Reference 1) 
ACI Method 2 (Reference 1) 
* The proposed Modified Elastic Theory (Reference 6) 
** The method proposed by No Mo Newmark and Co P. Siess 
(Reference 7). 
The theoretical moments used as a basis for comparison are derived from analyses 
reported by Siess-Newmark (8) and Appleton (9)0 Siess-Newmark studied the 
effects of torsional stiffness of the beams on the slab moments. Appleton 
analyzed the effect of the ratio of beam-to-slab stiffness on the moments in 
both the beams and slabs. 
* Abbreviated as MET. 
** Abbreviated as NSDo 
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ACI-l and MET were both based on I'?beam analogies iV 0 The beam moments 
were modified to fit the results of existing plate analyses, and similar modifi-
cations were then made for cases with the boundary conditions for which plate 
analyses did not exist. ACI-2 and NSD were based on the analysis of various 
plates supported on rigid beams. 
The moment coefficients for each of the various ttspansit considered 
are listed in Tables 8 to 12. The relationship between moment and coefficient 
is explained in Section 11.1. The measured design and theoretical coefficients 
are tabulated in each of the tables. The ratio T/K shown under the Siess-
Newmark Moment Distribution analysis is the ratio of the torsional stiffness of 
the beam to the flexural stiffness of one panel of the slab it supports. For 
the test structure, this ratio was computed to be about 1.2 for the interior 
beams and 0.8 for the spandrel beams. In the analysis, however, the same value 
of T/K was used for both interior and edge beams. The symbol S shown for the 
analysis by Appleton represents the ratio of the flexural stiffness of the beam 
to that of a full width of a slab. On the basis of the uncracked, gross 
concrete section and considering T-beam action, this ratio was about five for 
the test structure. Considering only the rectangular beam section, S was two. 
The measured slab and beam moments are also listed in Table 12; 
along with the moment coefficients for each of the design methods. The moment 
values are arranged to facilitate comparison between the various different spans. 
It should be pointed out that the beam moments prescribed by ACI-2 
and MET are identical for square panels. Therefore, in the comparisons only the 
ACI-2 moments will be discussed. The comments will of course apply equally to 
MET moments. For slabs with square panels, the NSD beam moments are always 
80 percent of the ACI-2 moments. 
The measured moments are compared with the design and theoretical 
moments for each of the spans. The comparison between the maximum measured 
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moments and the design moments is of special importance .because the design 
moments were derived from analyses which considered the loading combinations 
causing the maximum probable moments for each section. 
The definition of the total moment is not as straightforward as it 
is in a square panel in which the beams and columns have no width or thickness. 
3 In that case, the total moment is 00125 wL , where L is the spano In actual 
structures, however, the supporting elements have finite widths. In the 
particular case of columns and beams the same width,. the total moment could be 
2 taken as 0~125 WLLI ' where Ll is the clear span between beam or column faces. 
This is equivalent to the normal case in beam design where only the clear span 
is considered. The load over the supports in the direction of the span is 
ignored in such a computation, but all of the load between the centerlines of 
the supports in the lateral direction is included. 
In most structures, the columns are wider than the beams, and this 
introduces another complication into the computation of the total moment. There 
are two different clear spans, one for the beams and a slightly longer one for 
the slabo The value of the total moment is therefore dependent on the relative 
shears transmitted to the supports by the beams and by the slab. 
In the interior panel of the structure tested, the span was 60 in. 
center-to-center of supports, and the slab clear span was 57 in. The clear span 
was 54 ino for the beams= If it is assumed tr~t all of the load is carried by 
the slab, the total moment is 00125 w x 60 x (57)2, and if all by the beams 
2 0.125 w x 60 x (54) 0 The total moment in terms of the slab span is Ool122w x 
60 x (57)2 if all of the load is transmi tted to the columns through the beams 
and none is carried by the slab. In the test structure, about two-thirds of the 
total moment was carried by the beams, and therefore about one-half of the load 0 
The total moment would then be 0.122 WL where the nominal value of L = 57 but 
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th.e effective value is 5505 inc> Such an analysis as this can be used to 
approximate the static moment in a squa.re interior panel where the support 
conditions are the same on all four sideso This could also be done fairly 
satisfactorily for the span parallel to the edge of the structure of the edge 
panel, although more uncertainty is introduced by the presence of two different 
beams in the spano T:b...is type of comparison would be more difficult in the end 
spans J that is the corner panels and the span perpendicular to the edge of the 
structure of the edge panelj because of the presence of two different negative 
moment sectionso In the end span case, however, the clear span for the slab is 
5705 in. and for the beams it is 55 ino j giving slightly smaller possible range 
of variation of the effective span than in the interior span. 
In computing the static moment for a panel j it has been assumed that 
all of the load enters the columns through the beams, and that none of the 
slab load is carried directly by the column 0 This would of course be strictly 
true only for the case in which the beams and columns were of the same width, 
but should be a good approximation as long as the columns are not a great deal 
wider tr~n the beamso 
The total measured moment has been taken as the sum of the total 
moments in the slab and in one beam for the interior panel and the edge panel 
in the span perpendicular to the edge of the structure 0 For the other two 
nspansH (the edge panel in the span parallel to the edge of the structure and 
the corner panel), the total moment included the moment in the slab, the edge 
beam, and half of the moment in the interior beam supporting one side of the 
panel 0 The total moment in a beam or slab is the average of the negative moments 
plus the positive momento 
The total of the maximum moments in a panel is computed using the 
highest measured moments, and not necessarily those corresponding to the loading 
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for the theoretical maximum moments, since at a few sections the "maximum 
moment loadingsn produced lower moments than were obtained from loading all 
panels. 
The design moments with which the measured moments are compared are 
the theoretical design moments and not the moment for which reinforcement would 
be provided in the structure. In some cases, the amount of reinforcement is 
considerably greater than re~uired by the design moment because of minimum 
reinforcement ratios, maximum bar spacings and the necessity of reinforcing 
for the higher of the moments at the two faces of an interior support. 
1202. Interior Panel 
The moment coefficients for the interior panel are tabulated in 
Tables 8 and 12 and depicted graphically in Fig. 127. In the figure, a vertical 
bar represents the design moment coefficient for each of the design methods for 
each critical section of the slabs and beams. At each critical section, a 
horizontal solid line indicates the measured moment coefficient for all panels 
loaded, and a broken horizontal line shows the measured coefficient for the 
maximum moment loading pattern. 
There was very little if any increase in negative moment for the 
maximum loading as compared to loading all panels. The slab positive moment 
was increased by 13 percent by the checkerboard loading, and the beam moment 
was increased 26 percent by the maximum moment loading. 
In the positive moment section of the slab, the ACI-l moment and the 
measured maximum moment were e~ualo The ACI-2 and ~mT moments were both about 
15 percent higher than the measured and the N8.D was 25 percent lower. ACI-2 
moment for the slab negative moment section was about the same as the measured, 
and the other three design moments were higher. The MET moment was 37 percent 
greater than the measured value. 
-121-
The ACI-l j ACI-2 and MET design moments for the interior beams 
parallel to the edge of the structure are all the same, and the NSD moments 
are 80 percent of those given by the other methodso In all cases) the beam 
positive moments were smaller than the d,esign moments,r and the beam negative 
moments larger than the design moments. In the positive sectionJ the NSD 
moment was nine percent larger than the measured maximum, while the other design 
moments were 36 percent largero At the negative moment section the NSD moment 
was 73 percent of the measured maximum moment, and the others 91 percent. 
The sum of the measured moment coefficients in the interior panel 
was 0.126 when all the panels were loaded 0 This total moment was 103 percent 
of the ggtheoretical'l'/ J which is a good checko The total of the maximum moments 
in the panel was O.134WL,r which was a six percent increase over the total 
moment for all panels loaded 0 The NSD method is based on the moments resulting 
when all panels are loaded and not on the maximum moments J so the design moment 
coefficients add up to 0.120. (The coefficient is not 0.122 as described in 
Section 1201 because of different assumptions about the relative loads trans-
mitted to the columns through the slab and the beams.) The other three design 
methods are based on reinforcing the structure for the maximum obtainable 
moments, and consequently the total moment is greater than the static moment 0 
The two ACI design moment coefficients for an interior panel add up to about 
0.143, which is 17 percent greater than the static moment. The moments in the 
MET method total up to 0.152 WL, which is 25 percent grea.ter than the static 
momentc 
The result of designing a panel of a structure for 1.2 times the 
static 'moment is that the safety factor against collapse bas been increased from 
a nomi~~l 200 when the reinforcement is provided in accordance with the pro-
visions of the ACI Building Code to a safety factor of 2040 
-122-
The measured, design, and theoretical distribution of the moment 
between the beams and slab and between the positive and negative sections is 
also of interest. The following table lists the moment coefficients for the 
total beam and slab moments and the total positive and negative moments. 
Moment Coefficients (M = CWL) 
Slab Beam Positive Negative 
Uniform Load 0.041 0.085 0.038 00088 
Maximum Loadings 0.043 0.092 0.046 00088 
ACI-l 0.0461 000970 0.0568 0.0863 
ACI-2 0.0457 0·0970 0.0591 0.0836 
MET 0.0553 0·0970 0.0592 0.0931 
NSD 0.0427 000775 000444 0.0758 
Appleton 
S = 1 0.0625 0.0625 0.0417 0.0833 
S = 2 0.0529 0.0721 000417 0.0833 
S = 5 0.0450 000800 0.0417 0.0833 
S = 00 0.0385 0.0865 0.0417 0.0833 
From this table it can be seen that, except for NSD, the design 
methods overestimate the moments in the slab and in the positive moment section. 
The total beam moment is also too high· for the ACI methods and MET 0 Only the 
MET total negative moment was appreicably higher than the maximum negative 
moment while the NED negative moment was 86 percent of the maximum negative 
moment 0 
For load on all panels, 67 percent of the total measured moment was 
carried by the beams. The design procedures assigned from 64 to 68 percent of 
the total design moment, so this is good agreement in distribution. The analysis 
by Appleton indicated that if the beams were five times as stiff as the slab, 
they would carry 64 percent of the total moment. Rigid beams should carry about 
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69 percent of the static moment J so it can be concluded that the beams in this 
panel were at least five times as stiff as a slab 0 
The analysis by Appleton also indicated that 67 percent of the total 
moment should be carried by the negative moment sectiono In tp~ test structure, 
it was computed that 70 percent of the total moment was carried by the negative 
moment section and 30 percent by the positive moment section. The ratio of 
measured negative-to-positive moment was thus 20330 However, the design methods 
supply reinforcement in the ratio of from 1.44 for ACI-2 to 1.78 for NSD. The 
total of the maximum moments in the slab was quite close to the total design 
moments for ACI-l, ACI-2, and NSD J but the total design moment for the slab 
according to MET was about 30 percent greater than the measured total. This was 
largely due to a very large negative moment value, and this moment also forced 
the total negative moment up to 6 percent greater than the total of the maximum 
negative moments. 
The theoretical moments resulting fromthe Siess-Newmark moment 
distribution analysis of the structure are listed in the lower portion of 
Table 8. The analysis predicted an increase of not over 17 percent in the posi-
tive slab moment due to the maximQ~ moment loading as compared to all panels 
loaded, and an increase of not less than 17 percent in the negative moment in 
the slab 0 In the test structure, the measured positive slab moments were higher 
than the theoretical moments, and the checkerboard loadsings produced oP~y a 
13 percent increase in the positive moment and no increase at all in the 
negative 0 For all panels loaded, the theoretical negative moment was 11 percent 
higher than the measured, and the theoretical maximum negative moment was 
30 percent higher (T/K = 2}0 
The moments listed in Table 8 under the heading i'lAppleton911 were 
derived for the condition of uniform load on all panels, and hence should be 
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compared to the moments measured for the uniform load case. The ratio of the 
beam-to-slab stiffness is denoted by the symbol 80 The trend is for the slab 
to carry less moment and the beams more moment as the beam stiffness increases. 
However, the change becomes more gradual as the beam stiffness increases, and 
changing the value of the ratio 8 from two to five has a greater effect on the 
moments than changing 8 from five to infinity. 
An examination of the measured moments in the slab as compared to the 
moments for various beam-slab stiffness ratios shows that the beams of the test 
structure were extremely stiffG The measured slab negative moment matches the 
theoretical moments for infinitely stiff beams fairly well, but the positive 
moment corresponds to 8 = 28 In the theoretical analysis the moment is divided 
between the positive and negative moment sections so that the positive moment 
was 1/3 and the negative moment 2/3 of the total. In the test structure, the 
positive moment section carried 30 percent of the total moment and the negative 
section carried 70 percent. The negative moment was high, in part at least, 
because the interior panel was adjacent to an edge panel, and thus did not 
represent a ntypical ei interior panel. 
The measured negative beam moment was higher than that theoretically 
given by the rigid beam by about 14 percent7 and the positive moment was only 
68 percent of that in a rigid beam. The positive moment corresponded to that 
of the case where the beam-to-slab stiffness ratio was about 1.50 However, 
the total measured moment in the beam was 0.084 WL7 and the theoretical total 
moment was 0.080 WL for S equal to five and 0.086 WL for an S of infinity. 
On the basis of these measured moments, it would seem that the beams 
were about five times as stiff as the slabs. This agrees with the estimate 
based on the moments of inertia of the gross, uncracked sections of the assumed 
T-beams and the slabs. 
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12 03 0 Edge Panel 
(a) Span Parallel to Edge of Structure 
The measured, design and theoretical moments for the edge panel in 
the span parallel to the edge of the structure and in the edge beam adjacent 
to the edge panel are tabulated in Table 90 The measured and design moments 
are also listed in Table 12 and plotted in Fig. 1270 It should be pointed out 
that the moments in the slab are nearly the same as those in the interior panel. 
On the other hand, except for NSD, the design moments are radically different 
than those for the interior panel-. 
As compared to the moments for all panels loaded, the loadings for 
maximum moments produced increases of 20 percent in the positive moment section 
of the slab, and 25 percent in the positive moment section of the edge beam, 
but there were no appreciable increases in the negative momentso None of the 
design methods gave moments that agreed with the measured moments, either for 
~maximum loadingslt or for all panels loaded, in the slab.. For the slab positive 
moment section, the NSD moment was 71 percent of the measured maximum (85 per-
cent of the measured moment for all panels loaded), and the other three design 
moments were about 30 percent greater than the measured. At the negative 
moment section of the slab, the NSD moment was 20 percent greater than the 
measured, and the other values were all highero The MET moment was 193 percent 
of the measured moment. 
The ACI-2 beam moments agreed fairly well with the maximum measured 
moments for both the positive and negative sectionso Both ACI-l moments were 
about 85 percent of the measured valueso The NSD positive moment was the same 
as the moment for all panels loaded, but was 20 percent less than the maximum 
moment 0 The NSD negative beam moment was 75 percent of the measured moment. 
In the edge panel in the span parallel to the edge of the structure, 
the total moment was considered to consist of the sum of the positive and 
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negative moments in the edge beam, the slab and half the moment in the interior 
beam. The total measured moment in the panel was 0.128 WL, which is 105 percent 
of the ntheoretical~~ static moment, 00122 WL. The sum of the maximum moment 
coefficients was 0.140, or 109 percent of the total uniform load momento 
Among the four design procedures, the moments add up to close to 
the static moment only in NSDo The total moment coefficient was 0.120, which 
is about two percent below the theoretical static moment 0 The ACI-l total 
moment was 0.1506 WL, the ACI-2 0.1538 WL and the total moment for MET was 
001676 WLo These three values range from 124 to 138 percent of the static 
moment. Supplying 1.4 times the static moment in the panel raises the factor 
of safety against collapse from a nominal 200 to 208. 
The sections carrying the total moment may be divided arbitrarily 
into slab and beams, or not so arbitrarily, into the positive and negative 
moment sections. The total moments measured in the slabs 'and beams and the 
total negat'ive and positive moments are listed in the table below.. Also in-
cluded are the moments aSSigned these structural sections and elements by the 
four different design methods. 
Moment Coefficients ( M = CWL) 
Slab Beams Positive Negative 
Uniform Load 0.040 0.088 0.042 00086 
Maximum Loadings 0.043 00097 0.052 0.088 
ACI-l 0.0601 0·0905 0.0604 0·0901 
ACI-2 0.0569 0·0970 000638 0.0899 
MET 0.0705 0·0970 0.0618 0.1057 
NSD 0.0427 0.0775 0.0443 0.0758 
It is seen from the table above that the NSD total design moment 
for the slab is equal to the total maximum measured moment, while the ACI-l 
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requires 140 percent of the measured maximum total moment, ACI-2 132 percent 
and MET 164 percent. The ACI total beam moments (total beam moment was assumed 
to include the edge beam moment and half the moment in the interior beam) were 
about the same as the measured total, while NED gave a total beam moment of 
80 percent of the measured. For the edge beam alone, however, the total 
measured moment was 32 percent above the NSD total moment and 5 percent greater 
than the ACI-2 total momento 
The beams carried 69 percent of the measured total moment for both 
cases of loading. Both ACI methods. and NSD assign about 63 percent of the 
total moment to the beams. The MET total beam moment is the same as ACI-2, 
but the total panel moment for MET is higher, so 'the beam moment represents 
58 percent of the total moment. 
When all panels were loaded, 67 percent of the moment was carried by 
the negative moment sections of the panel. For "maximum" loadings, the maximum 
negative moment was 63 percent of the total of the maximum moments. This is 
in keeping with the observation that for an "interior" span, the loadings for 
maximum negative moment did not increase the moment appreciably, while the 
positive moments were increased about 15 percent by a loading for maximum 
moment 0 Each of the design methods assigns about 60 percent of the total panel 
moment to the negative moment sections. 
The ratio of negative to positive moments was about the same for the 
maximum measured moments and design moments. The ACI and MET positiv~ moments 
were about 20 percent greater than the measured, and the MET negative moment 
for the panel was also about 20 percent greater than the measured. The NSD 
positive moment is about the same as the measured moment for all panels loaded, 
and the negative moment about 12 percent less than the measured. 
Appleton reports only one case for the edge panel which can be used 
for purposes of comparison. The theoretical positive moment in the slab for 
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rigid beams and all panels loaded is 0.0115 WL, and the negative moment 
coefficient 0.0272. The measured moment coefficients were 0.015 and 0.025. 
The boundary conditions used by Appleton for this solution are not strictly 
comparable to the conditions for the test slaba The solution is for flexurally 
rigid beams which have no torsional stiffnesso Since the exterior edge of the 
VVtheoretical slab" was unrestrained, Appletonvs negative moment coefficient 
should be higher than that measured. On the other hand, the theoretical 
positive moment coefficient should also be higher than that measured. However, 
it should be noted that the measured positive moments were in general greater 
than the theoretical positive moments. 
According to the moment distribution solution, the moment increase 
in the positive moment section of the slab should have been quite small, not 
over six percent, for the maximum moment loading as compared to the moment for 
all panels loaded, and the increase in negative moment should have been at 
least eight percent. The measured increase in the positive slab moment was 
20 percent. There was no increase in the negative moment for the maximum moment 
loading. The moment distribution positive moments were smaller than the measured 
by up to 23 percent (maximum moment loadings, T/K = 2), and the theoretical 
negative moments were at least 28 percent greater than the measured moments. 
(b) Span Perpendicular to Edge of Structure 
The moments in the edge panel in the span perpendicular to the edge 
of the slab are tabulated in Tables 10 and 12. In this span there were three 
different critical moments sections, the interior negative, the positive and 
exterior negative sections for both the slab and the beams. 
A comparison of the measured slab moments for all panels loaded and 
for the ~maximum~? loadings indicates that there was little difference in the 
moments for the two conditions. The maximum relative increase is indicated 
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for the exterior negative section (15 percent), however, the absolute increase 
is only 0.002 WL. 
None of the four design methods match the three measured moments 
consistently. At the interior negative moment section, ACI-2 and NSD give 
aQout the ncorrect" values; the other two are low (ACI-l moment is 71 percent 
of the maximum). At the positive moment section, only ACI-l indicates a value 
comparable to the measured. NSD is low (80 percent of the measured) and MET 
and ACI-2 are high (ACI-2 is 153 percent of measured'). At the exterior negative 
moment section, ACI-2 and MET compare well with the measured moments. ACI-l 
gives 62 and NSD 125 percent of the measured maximum. 
The measured beam moments for "uniform" and "maximum loadings were 
about the same. The maximum relative in~rease was nine percent (positive 
section). 
ACI-2 and MET specify the same design moments for the beams. 
Consequently, in the following only ACI-2 will be mentioned. It should also 
be pointed out that for square panels NSD specifies 80 percent of the moment 
given by ACI-2. 
At the interior negative moment section, ACI-2 compares well with 
the measured moment. ACI-l specifie$ a larger moment (14 percent greater) 
and NSD a smaller moment (19 percent smaller). At the positive moment section, 
NSD represents a g~od correlation while the others overestimate the measured 
moment (ACI-l corresponds to 137 percent of the measured maximum). At the 
exterior negative moment section, all design methods give higher values than 
measured with I~D giving the best correlation (105 percent of measured) and 
ACI-l the poorest (147 percent of measured). 
The total measured moment coefficient for the two cases of loading 
also differed very little indicating that the design of the panel could be 
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executed for the case of all panels loadedo Consequently, the total 
coefficient for NSD compares well with the measured while the other three 
methods give higher values (ACI-2 represents 117 percent of the measured 
maximum) 0 
The three columns in the lower part of Table 10 list the values of 
the moment coefficients based on moment distribution~and Appleton. For the 
two extreme cases of beam-to-slab stiffness given by Appleton, it is assumed 
that the spandrel beam has no torsional stiffness while the columns are rigid 
{the beam moments are not listed since the conditions are far from being 
comparable) 0 
The coefficients based on moment distribution indicate that the 
moments for the maximum loadings should be at least 17 percent greater than 
those for all panels loaded (T!K = 2.0)0 This was not true for the test 
structure. All evidence seems to point to the fact that the theoretical 
patterns,of loading for maximum moments did not have the expected effect be-
cause the beams were flexible ,enough to allow the adjoining panels to partici-
~ 
pate in carrying the moment. 
For the case of allwanels loaded, the coefficients based on moment 
distribution are low compared to the measured moments at the interior 
negative and positive sections 0 At the exterior negative section, the theo-
retical value for T/K = 1 seems to check the measured moment bettero However, 
it should be remembered that the moment distribution analysis assumes 
infinitely stiff columns, and therefore should give higher values than 
measured at that sectiono 
The total moment in the case of a panel where the two negative 
moment regions are different is the average of the two negative moments plus 
the positive moment at the centerline of the span. For the edge, panel, the 
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moments in one slab panel and one beam are considered as constituting the 
panel moment. The total measured moment in the panel moment. The total 
measured moment in the edge panel in the span perpendicular to the edge of the 
structure was 0.117 WLo This moment is 95.9 percent of the titheoretical" 
static moment in the panel. The sum of the maximum moments was 0.122 WL, 
which represents only a four percent increase over the uniform load case. 
In this "span", the NSD moments add up to 0.1189 WLo The other three 
design methods specify moments that add up to moments in excess of the static 
moment. The total moment for ACI-l is 0.1401 WL, which is 15 percent larger 
than the static moment. The ACI-2 total moment of 0.1452 WL is 19 percent 
greater than the static moment of 0.122 WL, and the moments specified in the 
MET design add up to 0.1378 WL, or about 15 percent greater than the static 
moment. The panel was designed by ACI-l, and with the 115 percent of static 
moment applied, the nominal safety factor was increased from 2.0 to 2.30 The 
ACI-2 safety factor would be 2.38. 
A co~arison of the measured moments and the design moments can be 
made by examining the distribution of the total moment between the beams and 
slab and between the two negative moment sections and the positive moment 
section. The total beam and slab moments and the total section moments are 
tabulated in the following table. 
Moment Coefficients (M = CWL) 
Slab Beam Into Neg .. Positive Ext 0 Neg 0 
Uniform Load 0.039 0.078 0.090 0.050 0 .. 044 
Maximum Loading 0.041 0.083 00096 0.053 00046 
ACI-l 0.0321 001080 0·0948 0.0655 0.0543 
ACI-2 0.0488 0.0965 0.0951 0.0695 0.0557 
MET 0.0413 0.0965 000893 0.0657 0.0549 
Newmark-Siess 0.0377 0.0772 0.0804 0.0489 0.0516 
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There is no agreement whatsoever among the four design methods as to 
the total moment that should be carried by the slab. All four methods over-
estimate the total exterior negative moment by 17 to 27 percento Except for 
NSD, the total max~ beam moments are also greater by 18 to 32 percento 
In the edge panel span perpendi~ular to the edge of the structure, 
the beams carried 67 percent of the total measured moment when all panels were 
loaded. The total of the maximum beam moments was also 67 percent of the total 
of all the maximum moments in the panel. ACI-l assigned 77 percent of the 
total design moment to the beams, which is inconsistent with the 68 percent in 
the ttparallel span" of the edge panel. ACI-2 assumes the beams carry 70 percent 
of the total moment. The NSD beam moment is 67 percent of the total panel 
moment 0 
The NSD moments match the total slab and beam moments quite well for 
all panels loaded. However, the check is less satisfactory for the distribution 
of moments to the negative and positive 0 The exterior negative design moment, 
0.0516 WL, is the lowest of the four design moments, but is still 17 percent 
greater than the measured momento The interior negative sections would be 
about 20 percent overstressed ULDder the uniform load were it designed by this 
method 0 
Of the total measured moment in the panel, 77 pre cent was carried by 
the interior negative moment section, 43 percent by the positive moment section 
and 38 percent by the exterior negative moment section when all panels were 
loaded. When all of the maximum moments are totaled up, it is found that the 
interior negative section carried 79 percent of the total, the positive 43 per-
cent and the exterior negative 35 percent of the total. ConSidering the same 
three sections, the ACI-l moments are 68 percent, 47 percent and 39 percent of 
the total moment, respectively. The ACI-2 and MET section moments were not much 
different than the ACI-l momentso 
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(c) Comparison of the Two Different Spans of an Edge Panel 
The measured, design and theoretical slab moments in the two spans 
of the edge panel are tabulated in Tables 9 and 100 The measured and design 
moments are also shown in Table 12 and Fig. 1270 The total slab, beam and 
section moments are also tabulated in the -text of the two preceding subsections. 
It was pointed out earlier that the measured moments in the interior 
panel and the edge panel in the span parallel to the edge of the structure were 
quite close to the same valueso A similar observation can be made about the 
slab moments in the edge panel in the span perpendicular to the edge of the 
structure and the slab moments in the corner panel. However, there is no 
evidence of this similarity in the design moments. 
The measured moments in the slab in the span perpendicular to the edge 
of the structure were higher than the moments in the parallel span, while the 
ACI-l and MET design moments for the span parallel to the edge are considerably 
higher than for the perpendicular spano The measured positive slab moments 
in the two directions were comparable. The ACI-l parallel span positive slab 
design moment was 57 percent greater than the perpendicular span positive 
moment. 
If the pOSitions of the ACI-l design coefficients for the negative 
slab moment in the parallel span and the interior negative moment in the perpen-
dicular span had been reversed, the measured moments would have been close to 
the design values. The MET parallel span negative moment was 185 percent of 
the perpendicular span interior negative moment, while the measured parallel 
span negative moment was about 75 percent of the interior negative moment in 
the perpendicular span. 
The NED positive moments are the same in both spans of the edge panel, 
and the negative moment reqUirements are the same for the three interior negative 
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moment sections 0 At the fourth side, the exterior negative moment section2 
the moment is two-thirds that at the other negative sections a The ACI-2 
moments follow a similar scheme, although with larger numerical values of the 
moments, except that the exterior negative moment is half that at the interior 
negative moment regionso In both designsJ the parallel span total slab moment 
is about 1015 times the perpendicular span total momentso 
The total panel design moments were not the same in the two directions, 
either a In all cases the parallel span total moment was greater than the 
perpendicular span momenta The greatest difference existed for MET, in which 
the parallel span moment was 21 percent greatero That such difference should 
exist in a design method seems quite unreasonable, particularly for a square 
panel a 
For all panels loaded, the total measured slab moment coefficient in 
the parallel span was 0.040, and in the perpendicular span 000390 While these 
total moments are nearly equal, the ACI-l and MET total design moments for the 
parallel span were about 170 percent of the total moment for the perpendicular 
spano 
The total beam moment for the perpendicular span when the design is 
carried out according to ACI-l is 19 percent greater than the total in the 
parallel spano For the other designs, the total beam moments in the two spans 
are about the same 0 
Theoretical analyses indicate that the total slab moment parallel to 
the edge of the structure should be considerably higher than the total moment 
in the perpendicular span (the moment distribution solution gives 44 percent 
greater for T/K = 1)0 However, the analyses consider rigid, nondeflecting 
beams while the beams in the test structure did deflecto This deflection of the 
beams changed the moments in both the beams and slabso The beams perpendicular 
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to the edge of the structure deflected more than the beams parallel to the 
edge. This should cause a greater increase in moment as compared to the rigid 
beam case, particularly at the positive moment sections, in the perpendicular 
span than in the parallel spano 
12040 Corner Panel 
The measured, design and theoretical moments for the corner panel 
slab and the edge beam sUPRorting it are tabulated in Table 11 in terms of 
coefficients of WLo The design and measured moments are also listed in Table 12 
and are plotted in Figo 127. It should first be pointed out that the moments 
in the slab were quite similar to those in the edge panel in the span perpen-
dicular to the edge of the test strucutreo The restraint conditions of the 
two slab spans were quite Similar, so it was reasonable to expect the moments 
to be approximately the same. 
The moments for the maximum moment loadings were only slightly 
greater than those measured when all panels were loaded. The maximum increase 
was at the positive moment section of the edge beam. 
At the interior negative moment section of the slab, the design 
moments ranged from 85 percent (NSD) to 113 percent (MET) of the maximum 
measured momento At the positive moment section of the slab, the NSD moment 
was 71 percent of the measured maximum, while the other design moments were 
from 23 to 62 percent greater than the measured. At the exterior negative 
moment section, all of the design moments were considerably greater than the 
measured value 0 The ACI-l moment was 32 percent greater than the measuredo The 
other three moments were nearly double the mea~ured value 0 
For the edge beam, the two ACI methods and MET specify the same 
moments 0 The NSD moment is 80 percent of that specified by the others at each 
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section. The ACI moments at the interior negative section of the edge beam 
are nine percent greater than the measured, and the NED moment is 13 percent 
smaller. At the positive moment section} all of the design moments are larger 
than the measured moments, the NSD moment by 12 percent and the others by 
41 percent. The design moments for the exterior negative moment section of the 
edge beam were all larger than the measured moments by the same amount that the 
positive design moments were larger than the measured val~eso 
In the corner panel the total moment was taken as the sum of the 
individual total moments in the edge beam, the slab and half the total moment 
in the interior beam perpendicular to the edge of the structure 0 The individual 
total moment in turn was the average of the negative moments at the two ends of 
the span plus the positive moment at the centerline. The total moment in the 
corner panel when all panels were loaded was 00112 WLo The static moment is 
00122 WL, so the total moment was 92 percent of the correct value. The 
deficiency is for the most part due to errors in obtaining bending moments from 
steel strainso The total of the individual maximum moments was 00118 WL, which 
is an increase of only five percent above the total moment when all panels were 
loaded 0 
The NSD total moment was 0.1148 WLo The other three design procedures 
gave total moments considerably greater than the static moment. The ACI-l 
moment was the lowest of the three, at 001476 WL, and the ACI-2 was the highest, 
001546 WLo These moments represent 121 percent and 127 percent of the static 
moment, respectively. The total moment for the MET design method was 123 percent 
of the static moment, 0.1497 WLo 
In the following table the values of the total moment coefficients in 
the beams and slab for the uniform load and the maximum loadings and each of 
the four design methods are listed. 
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Moment Coefficients (M = CWL) 
Slab Beam Int. Neg. Positive Ext. Neg. 
Uniform Load 0.038 0 .. 074 0·090 0.048 0.038 
Maximum Loading 0.040 0,,078 0 .. 095 0,,052 0.039 
ACI-l 0·0995 0.1022 0;0985 0.0699 0.0550 
ACI-2 -0.0586 0.0965 0.1019 0.0742 0.0589 
MET 000533 0.0965 0.1028 0.0695 0.0577 
Newmark-Siess 0.0372 0.0772 0.0804 0.0488 0.0515 
It is quite apparent from this table that the first three design methods 
call for considerably more moment than was actually measured in the structure. 
The NSD total beam and slab moments compare quite well with the measured, moments 
for all panels loaded. The total ACI-2 slab moment is 45 percent greater than 
the maximum total measured moment. 
The beams carried 66 percent of the total moment in the panel for 
both Auniformn and "maxilnUll" loadings. ACI-l assigns the greatest percentage 
of the total moments to the beams (70 percent) and ACI-2 the smallest (63 
percent) " 
The interior negative moment section of the panel carried 80 percent 
of the total moment, the positive moment section 43 percent, and the exterior 
negative moment section carried 32 percent of the total moment. Each of the 
design methods assigns about 70 percent of the total moment to the interior 
negative section, 50 percent to the positive and about 40 percent to the 
exterior negative moment section. ACI-l checked the interior negative moment 
very well, NSD was about 15 percent low and the other two methods slightly high. 
At the positive moment section, only the NSD design moment was lower than the 
measured maximum moment.. All of the design moments for the exterior nega ti ve 
moment section were much larger than the measured. NSD was the smallest, and 
was still 32 percent greater than the measured maximum. 
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Appleton reports moments for two different cases of beam stiffness, 
but neither is really comparable to the moments in the test structure since 
there is no negative, moment restraint at the exterior section of the panel. 
Also, the interior negative moment is ideally fixed. However, it can be seen 
that the measured and theoretical interior negative moments are comparable for 
the case of infinitely stiff beams. The measured positive moment is a little 
large~ than the theoretical for rigid beams. 
For T/K = 2, the moment distribution analysis checked the interior 
negative moment very well, both when all panels were loaded and for the maximum 
moment loading. The measured positive moments, however, were about 30 percent 
greater than the theoretical moments, and the exterior negative measured 
m.mnents were only about balf of the theoretical values 0 The predicted increase' 
in moment and the actual measured increase for the maximum moment loading as com-
pared to the moments for all panels loaded were the same for the interior 
negative and the positive moment sections. There was no measured increase in 
moment at the exterior negative moment section. 
The moment distribution analysis gave a larger exterior negative 
moment for the corner panel than for the edge panel. The measured exterior 
negative moment for the edge panel, howeve~was 40 percent larger than that for 
the corner panel. This is possibly a result of the fact that the moment dis-
tribution analys i s ignores the flexibility of the columns. 
12050 General Comparisons of Design and Measured Moments 
The differences between the moments measured for uniform loading of 
all panels and the moments for the maximum moment loadings may be compared to 
the differences between the theoretical static moment and the total design 
moment for each of the four design methods 0 The total of the maximum moments 
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averaged only seven percent greater than the total moment for all panels loadedo 
On the other hand, the ACI and MET total moments are about 20 percent greater 
than the theoretical static moment, and the NSD total moment about four percent 
lesso The ACI and MET design ~ethods proportion the reinforcement for the 
mxi:mum moment at each section. However, since the total moments are 20 percent 
greater than the static moment, it would seam that the analyses on which these ' 
moments are based overestimated the increase in moment that could occur at each 
section 0 
The increased in maximum moments as compared to the moments for all 
panels loaded would have been larger if the beams supporting the structure had 
been less stiff torsionallyo This would have been the case if the beams bad 
not been monolithic with the slab, as in the case of steel beams. This dif-
ference is recognized explicitly only by NED, and implicitly by ACI-l. While 
ACI-2 and MET are based on conditions which include restraint from the tor-
sional stiffness of the beams, there is no explicit provision requiring 
monolithically cast beams. 
At a negative moment section where the slab is continuous over the 
beam, the torsional stiffness usually makes little difference in the momento 
However, at an exterior negative moment section, the torsional stiffness of 
the spandrel beam makes considerable difference in the moment. In a square 
'panel, there is enough excess moment capacity to let the panel successfully 
carry the load if the negative moment capacity at a spandrel beam is lost. In 
a long, narrow panel with a long edge discontinuous this would not be true, 
and the reinforcement would be overstressed even if it were able to carry the 
load 0 This difference in negative moment restraint capacity should be 
recognized explicitly by ACI-2 and METa 
There are two consequences of providing reinforcement for 120 percent 
of the static moment. One is that it raises the factor of safety from a nominal 
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2.0 to 2.4. The second is that the economy of the structure is reduced. Since 
the reinforcement is proportioned to be stressed to 20.0 ksi by the maximum 
moments at each section, the average stress (neglecting tensile forces in the 
concrete) would.be only 16 .. 7 ksio 
It was found in the test structure that in no case did the total of 
the maximum moments exceed the total moment for all panels loaded by more than 
nine percent. This is about half the increase predicted by the ACI and MET 
designs. It would seem that if all of the effect of the various maximum 
moment loadings were to occur at once, the average steel stress would still be 
only 1802 ksi instead of 20.0 as is normally used for design. 
If each panel bas the reinforcement proportioned for 100 percent of 
the static moment at a steel stress of 20.0 kSi, the average steel stress in 
the panel cannot exceed 20.0 ksi under any loading conditions. This is true 
since the total moment in the panel cannot be changed, regardless of how much 
the distribution of these moments may be changed 0 Furthermore, for the struc-
ture tested, if all of the maximum moment loadings were to occur at once, the 
average steel stress would be increased from 20.0 to only 21.8 ksi. 
There are some rather large relative differences between the measured 
and design moments at a few sections. The largest relative excess of design 
moment as compared to the measured moments occurred at the exterior negative 
moment sections of the edge and corner panels. Some of the design moments 
were nearly twice the measured moments, but the numerical differences were ~uite 
small, on the order of 0.001 WL 0 The greatest numerical differences-. between 
design and measured occurred in the negative moment regions of the span parallel 
to the edge of the structure of the edge panel. The ACI-l moment was 0.011 WL 
(46 percent) greater than the measured maximum and the MET moment was 0.023 WL 
(93 percent) greater than the measured maximum moment. 
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The greatest deficiency of design moment as compared to the measured 
moment was at the interior negative moment section of the interior beam parallel 
to the edge of the structure. The NSD moment was 0.017 WL smaller than the 
measured maximum moment (73 percent of the measured value) 0 
13 e STRENGTH ANALYSIS 
13.10 Introductory Remarks 
The strength of the structure was determined by considering the 
equilibrium of various possible failure mechanisms in a manner suggested by 
K. W. Johansen (10). The results of these analyses represent upper limits on 
the strength of the structure. 
Basically, there are two different collapse mechanisms for the 
structure. One is an individual panel failure, in which each panel acts as 
an isolated unit and yields before the beams. On the top of the slab, the 
failure is characterized by a plastic hinge, or yield line, at the support 
sections on each side of the panel. To complete the collapse mechanism, hinges 
also form on the bottom of the slab. For a square, symmetrical panel, the yield-
ing occurs along the diagonals of the panel, and takes an X-shaped pattern. 
The legs of the X can be quite discrete (Fig. 128a) or can be wide beands of 
yielding, (Fig. 128b) depending on the relative amounts of positive and nega-
tive moment reinforcement. 
The second type of collapse mechanism is the "structural failure" 
mechanism. In this type of failure, the yield lines cross both the beams and 
the slab. The plastic hinges may extend in a straight line across the entire 
width of the structure, (Fig. 131a) or may have branches as a particularly 
strong edge or interior beam is approached (Fig. 131b). In the case where the 
yield lines extend in a straight line completely across the structure, the 
structure may be analyzed as a two-dimensional frame. 
The maximum resisting moment for each section was determined using 
the expreSSion 
M = A f d (1 - 0.4 k ) 
u s y u 
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where 
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M = maximum resisting moment developed at a section 
u 
A = s 
f = 
Y 
d = 
k = 
u 
f = cu 
p = 
p' = 
b = 
area of tension reinforcement 
yield stress of reinforcement 
effective depth of reinforcement 
(p-p' )r y 
f 
cu 
average compressive strength of concrete at failure 
(fcu = O.7r~) 
tension reinforcement ratiO, A /bd 
. s 
compression reinforcement ratio A'/bd 
s 
se'ction width 
area of compression reinforcement 
The expression given above refers strictly to the ultimate moment of 
a reinforced concrete section failing after the development of the yield stress 
of the reinforcement. For a moderately reinforced section the yield moment is 
slightly less than the ultimate. However, the critical sections of the structure 
were so lightly reinforced that there is almost no difference between the com-
puted values of the yield and ultimate moment. Numerically, the computed 
resisting moments would have been almost identical if the internal lever arm 
bad been based on the straight line formula (jd) rather than defined as 
d(1-O.4k ). 
u 
For the positive moment regions of the slabs, where there were two 
crossing layers of steel, the average depth of these layers was used as the 
effective depth. The beam yield moments were computed taking into account 
T-beam action to obtain the effective internal lever arm of the forces. None 
of the slab steel was included for computation of the yield moments of the beams 
at the faces of the supportso 
1302. Strength of Individual Panels 
(a) Interior Panel 
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The basic failure pattern of the interior panel is shown in Fig. l28ao 
Since the panel is symmetrical, all of the segments isolated by the yield lines 
were the same size. The uniformly distributed load for this panel at failure 
was computed to be 426 psf. 
This panel was also investigated for the "corner effects.ft The 
resultant yield pattern is shown in Fig. 128b. The triangles in the corners 
of the panels are commonly called ~corner ievers~ or "corner seesaws" and are 
actually wide bands of cracking and yielding rather than clearly defined 
sections. The ultimate lo~d indicated for this mechanism of failure was 393 psf, 
or a reduction of about eight percent from the load that would be carried if the 
corner levers did not form. Based on a total design load of 145 psf, this 
indicates a safety factor of 2.7 total design loads, or dead load plus 4.5 live 
loads. 
After the test of failure with all panels of the structure loaded, the 
center panel was still intact so it was loaded to failure by itself. The 
applied load at failure was 788 psf, or a total load of 829psfo This load was 
1.94 times the failure load of 426 psf computed for the panel, neglecting the 
corner effectso The failure mechanism was the shear-torsion failure of two of 
the suppqrting beams of the panel. At time of the failure of the first beam, 
the load-deflection curve for the center of the panel (Fig. 92) was not even 
approaching the nearly horizontal line which typifies a flexural failure for 
the amount of reinforcement used in the critical sections of the slabo The 
panel load capacity was limited by the beams failing under combined bending, 
shear, and torsion. 
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One possible explanation of tID,s very high failure load is strain 
hardening of the slab reinforcement 0 The type of reinforcement used in the 
slab exhibited strain hardening at a strain of about 0005 (Figo 12)0 It was 
not possible to measure the maximum reinforcement strains existing at the maxi-
mum load since the strain gages which were still operating during this test 
indicated, a maximum. strain increase of about 0.005 when they too failed 0 Af'ter 
the failure of the strain gages located at points of maximum strain, the 
deflection increased by twice as much. If it is assumed that the deflection 
mechanism remained essentially the same throughout the test, it follows that 
the maximum increase in strain was 000150 If this is added to the measured 
maximum residual strain of 0.012, a total maximum strain of 0.027 is obtained 0 
This is still far short of the strain corresponding to strain hardeningo Even 
if this had turned out to be 0005, it still would not have represented a large 
increase in the tensile force since 0005 is the strain at which stresses only 
begin to increase and since the estimated value of the strain is the maximum 
and not the averageo 
The second and more likely source of the added strength of the panel 
was the presence of membrane forces in the plane of the plate as the deflections 
increased. In fact, these forces become so large that at an applied load of 
722 psf~ the tension cracks extended completely through the slab and could be 
traced on the top surface at the center of the panel. At this load, the total 
deflection was just over two inches (the slab was 1.5 ino thick)o 
An estimate can be made of the strength of the panel on the basis 
of known steel forces and slopes of the edge of the slabe The total area of 
negative moment reinforcement was 100 sqo inc At the yield stress; it would 
produce a total force of 42 kipso The slope of the edge of the slab after the 
load and loading frames were removed was measured to be about 6-1/2 degrees at 
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one pOinto If the slope were eight degrees when the panel was loaded, the 
vertical component of the 42 kip steel force would be about 5.8 kips, or 
232 psf8 From this it can be seen that the membrane forces alone could not 
carry the load .. 
What could be considered a large-deflection yield-line analysis may 
be used to determine the strength of the panel at some specified deflection. 
Consider the free body (Fig. l29b) of a triangular quarter-segment of the panel 
as shown in Fig. 129ao ~e deflection of the beam is ignored in the free body. 
The total moment capacity of the portion is approximately 
MtOtal = Td + T'd 
if the large deflections are ignored. This was the capacity used in the yield-
line analysis. However, if the actual conditions at large deflections are 
considered, the total moment capacity changes appreCiably. If the sum of the 
compressive forces, ell, at the Upositive momentft section is ignored and if the 
resultant downward movement of the force Tt is~, the increase in the moment 
capacity is 
which can be large enough to explain the load carried by the slab. Of course, 
the slab should be able to carry the shear that corresponds to this load. At 
maximum load, the nominal shear stress in the slab (V!bd) was 75 pSi, or about 
If the upward component of the negative moment reinforcement is 
considered, the net nominal shear becomes about 0.85 If' .. 
c 
(b) Edge Panels 
The pattern of yield lines for the edge panel is shown in Figo 130a~ 
The corner effects were not considered. The ultimate uniformly distributed 
load tha. t the panel could sustain was computed to be 442 psf. If this load 
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were arbitrarily reduced by eight percent in allowance for the corner effects, 
the ultimate load would be 406 psf. This load of 406 psf corresponds to 2.8 
times the total design load, or the dead load plus 4.7 design live loads. 
(c) Corner Panels 
The locations of the yield lines in the corner panels were computed 
to be those shown in Fig. 130b. The pattern is symmetrical about one diagonal 
of the panel -since -the reinforcement was symmetrical about this diagonal. The 
computed ultimate load -corresponding to this pattern of yield lines, or 
plastic hinges, was -435 psf. If the arbitrary eight percent strength reduction 
is made to take into account the corner effects, the load at failure is 400 psf. 
The 400 psf load is equal to 2 .. 8 total design loads or to 4.7 live loads plus 
the dead load of the structure. 
13030 Structural Failure Patterns 
The two different failure patterns for the structure are shown in 
Fig. 131a and 131b. In each figure, the failure mechanism is shown for both 
the end and center spans of the structure. The thing that distinguishes the 
two patterns is whether the edge beams participate in the failure mecbanismo 
For the proportions of the structure analyzed here, the participation 
of the edge beams in the failure mechanism makes a considerable difference in 
the ultimate load. In the end span, which governs the strength of the struc-
ture, the failure mechanism which includes the edge beams (Fig. 1318) results 
in a load of 529 psf~ while the mechanism shown in Fig. 131b will theoretically 
support only 467 psfo This is a reduction in strength of about 12 percent 
for the second pattern of yield lines. 
The center span of the structure was considerably st~onger than the 
end span, for either of the two structural failure schemes. The failure 
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mechanism shown in Fig. 13la for the center panel gave a load of 611 psf, and 
that of Fig. l31b an ultimate load of 527 psf.. Thus, in the center span, the 
strength was 14 percent lower when the failure did not include the edge beams 
than when it included theme 
Wben the ultimate load on the slab was reached, yield lines had 
developed. in the end spans approximately as shown in Fig. l31a. The positive 
moment yield line did go through the edge beam, although there was also a well 
developed system of cracking that reached from near the corner panel centers to 
the corners. The ultimate load in the test was a total load of 537 psf, which 
is in good agreement with the computed ultimate of 529 psf.. In the slab, the 
major positive moment yield line was about 25 in. from the face of the beam at 
the north edge of the structure. The computed distance was 27 in. 
The computed ultimate load of 529 psf based on the ass~tion that 
all of the steel along the edge of the slab ,would reach the yield stress.. The 
yield moment computed for the negative moment at the edge of the slab was 
113.5 kip-in. The highest moment reached, due to the applied load only and 
not including the dead load moment, was 105.2 kip-in. (Table 6)~ Thus the 
measured moment was at least 93 percent of the yield moment when the torsional 
failure occurred. 
It may be a bit difficult to understand how the load on the structure 
can be increased by nearly 35 percent over that predicted for the failure of 
the first element of the structure. The true cause of this increase in load 
over that supposedly causing an individual panel failure is that the panel no 
lqnger acts only in flexure when the deflections become large. Large membrane 
or in-plane forces may be set up in the panel, and it is the combination of the 
flexural forces plus the membrane forces that allows the load to be increased. 
Similarly, the final pattern was as shown in Fig. 1318 rather than the one in 
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Figc 131b since the triangular portion of the failure mechanism could and did 
develop membrane action. 
For the test structure, which had monolithic beams possessing 
considerable strength in torsion and in flexure and shear in the horizontal 
plane, it is reasonable to assume that the effect of membrane action would 
eliminate the modes of failure involving single panels or the structural failure 
shown in Fig. l31b. Furthermore, since the edge columns were not free to nrolln 
. . 
inwards, it is to be expected that the load carried by the structure failing 
as idealized in Fig. l3la would be greater than that based on flexural action 
aloneD The theoretical value of the maximum load corresponding to the failure 
mechanism in Fig. 131a was 529 psf compared to the measured ultimate of 537 psfo 
140 SUMMARY 
14cl Behavior of Test Slab 
This report contains the description and analysis of the behavior 
of a reinforced concrete two-way floor slab. The tests were part of a 
continuing program of study of multiple-panel reinforced concrete floor slabs. 
The structure tested was a quarter-scale model of a reinforced concrete 
two-way floor slab. The structure was designed according to Method 1 of the 
ACI Building Code (31S-56) for slabs supported on four sides. The design live 
load was 70 psf, and the dead load 75 psf. There were nine square panels, 
arranged in three bays, with spans of five ft center-to-center of columns. The 
slab thickness was 1-1/2 in. The slab was reinforced with liS-in .. sq. bars, 
the beams with 1/4-in. round plain bars and the columns with 3/S-in. round 
deformed bars. 
Strains were measured in the reinforcment and in the concrete at 341 
locations using SR-4 electrical resistance strain gages. Deflections were 
measured at 33 locations using dial gages. 
A total of 39 tests were carried out on the structure. Five.of 
these tests were described, and the results of three are analyzed. The four 
tests in which all panels were loaded and the load levels were: Test 307 
(design load), 314 (DL + 2.0 LL), 335 (DL + 4.0 LL) and 338 (load to failure 
at 537 psr). Tests 314, 335 and 338 have been analyzed. Test 339, in which 
the interior panel was loaded at failure at 829 psi is also described. 
In Test 307 the measured stresses were extremely low. The maximum 
stress in the beam was 4.6 ksi, and maximum stress in the slab was 2.6 ksi. 
The maximum deflection was 0.035 in. No cracking was observed at any point 
on the structure. 
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The maximum deflection in Test 314 was 0.065 ino The maximum stress 
in the slab. reinforcement was 1903 ksi in a negative moment region, and 4.4 
ksi in the positive moment region. The maximum stress in the reinforcement in 
a beam was 13 .. 6 ksie No cracks were found on the bottom of the slab. Four 
cracks were found on the top of the slab, one at the interior negative moment 
section of each of the edge panels in the span perpendicular to the edge of the 
structure. Some cracking was also found in the positive moment sections of 
the interior beams in the span perpendicular to the edge of the slab. 
Yielding occurred at most of the interior negative moment sections 
of the slabs during Test 335. The stresses in the positive moment reinforce-
ment of the slab were in general less than 20.0 ksi. The maximum beam reinforce-
ment stress was 38.0 ksi, in a spandrel beam. The maximum deflection was 
0.23 in.. Extensive cracking was found on the bottom of the slab, with the 
cracks following the diagonals of the panels. On the top of the slab, there 
was one crack on each side of each interior beam. 
In Test 338 the maximum total load~as 537 psf, '3.7 times the total 
design load.. At the maximum load, the greatest deflection was 1.15 in. 
Yielding was general, and was observed at every cr~tical section of the 
structure •. The failure occurred in the north strip of panels. At the maxi-
mum load, a yield line had formed along the center and interior negative 
moment sections of this row of panels, and the spandrel beams had partially 
separated from the supporting columns because of a failure caused by combined 
shear, bending and torsion. Extensive shear-torsion cracking occurred in the 
spandrel beams on the north and west sides of the slab. 
In Test 339, the interior panel was loaded to failure, with a maximum 
total load of 829 psf.. When the failure occurred; the total defle ction of the 
panel was about 2.5 in. At that time, the slab was acting partially as a 
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tension membrane, and the cracks in the center of the slab extended through to 
the upper surface. The load on the panel could no longer be increased only 
after two of the supporting· beams had failed in combined torsion, shear and 
bending at both ends of the beamso 
1402 •. Results of Analysis 
The moments were computed for all panels loaded and for the maximum 
moment loadings for each critical section of the slabs and beams at 1.0 DL + 
200 LL. These moments were then compared to the design moment values pre-
scribed by each of four design methods: the two methods presented in the 
ACI Building Code (318-56), the proposed ~odified Elastic Theory" (MET), and 
the proposed Newmark-Siess method (NSD). 
The two ACI methods and MET in general provided reinforcement for 
larger moments than were measured. The greatest differences between design 
and measured moments in the· slabs were in the negative moment regions of the 
edge panel. The span parallel to the edge of the structure was over-designed 
considerably and perpendicular span under designed by ACI-l and MET. The NSD 
design moments were never very much less than the measured moments in the slab, 
and were appreciably higher only in the exterior negative moment regions. 
At only one beam critical section, the negative moment section of 
the interior beam parallel to the edge of the structure, was the measured 
moment appreciably higher than the design moments. At most of the rest of the 
sections, the ACI and MET moments were higher than the measured valueso 
Moments across the full width of the test structure were computed 
for Tests 314 and 335 from both the strain and reaction measurements. In 
general, the comparisons between the moments obtained from the two different 
measurements were good. 
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A yield line analysis of the slab indicated a maximum load of 529 psfo 
The structure failed at 537 psf but the primary cause of failure was torsional 
distress in the spandrel beams ... 
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TABLE 1 
CONCm:TE PROPERTIES 
Compressive Strength Modulus of Elasticity Modulus of 
Water 76 days 139 days 185 ds~ys 76 days 185 days Rupture Ba.tchCement 80 days 2x4 cyls 4x8 cyls 2x4 cyls 2x4 cyls 2x4 cyls 4x8 cy1.s 2x4 cyls , 
No.of fl No.of ft Nooof f' No. of f' No.of Ei 
No.of 
Ei 
No.of 
Ei 
No.of f 
Tests c Tests c Tests c Tests c Tests Tests Tests Tests p~i 
1 0074 3 2680 1. 2460 1 2580 2 2.85xl06 1 3012xl06 
2 0074 3 2780 4 3050 4 2510 3 2260 2 3.10 3 3·03 3 3 .. 05 4 600 
3 0074 3 2740 1 2770 1 2140 2 2.66 1 3 .. 03 
4 0.74 3 2830 4 3440 4 2430 3 2270 2 2.67 3 3 .. 16 3 2071 4 550 8 
..... 
5 0.74 3 2500 1 2260 1 1880 2 2.68 1 2 .. 41 \Jl \Jl 
B 
6 0.77 3 2630 4 3545 4 2400 3 2380 2 2·79 3 3 .. 28 3 2 .. 53 4 650 
7 .0·77 3 2750 1 2720 1 2520 2 2·92 1 2,,20 
8 0·75 3 2550 4 3620 4 2970 3 2930 2 2·75 3 2.86 3 .3 ·50 4 560 
9 0.75 3 3500 1 3660 1 3660 2 3.56 1 3,,45 
·10 0·75 3 3100 1 2210 1. 2990 2 3-38 1 2 .. 67 
11 0·75 4 3010 2 3.67 
Averages 2830 3420 2610 2510 3 .. 00xl06 3008xl06 2 .. 9xl06 590 
Standard 
0.45xl06 . 0.28xl06 6 Deviation 310 230 370 460 0.40xlO 58 
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TABLE 2 
TESTS ON TWO-WAY SLAB 
Test Noo Date Panels Remarks 
Loaded 
Measurements made during assembly of 
300 29 September 1959 All load distributing system. 
301 6 October All 100 psf* 
302 6 ACEGJ " 
303 8 BDFH " 
304 8 C V1 
305 8 E " 
306 8 F n 
307 10 All LL + DL 145 psf 
308 15 ACEGJ n 
309 20 BDFH " 
310 20 C 11 
311 22 E t1 
312 22 F tf 
313 23 All " 
314 29 All 2LL + DL 215 psf 
315 3 November ACEGJ n 
316 5 BDFH tv 
317 5 C " 
318 6 E « 
319 10 F " 
320 12 BDFH 11 and 75 psf on ACEGH 
321 17 A ff 
322 17 B it 
323 17 C n 
324 19 G " 
325 19 H " 
326 19 J f1 
327 20 BDFGJ n and 75 psf on ACEH 
328 24 ABFGH ft n " ft CDEJ 
329 1 December ACDFH " n n " BEGJ 
330 1 BCDHJ " " " " AEFG 
331 3 ,AEFH.T " " " " BCDG 
332 3 CDEGH ," n If Tt ABFJ 
333 8 ABDEJ " " n t1 CEGH 
334 8 BCEHG yt V1 n " ADHJ 
335 10 All 4LL + DL 355 psf 
336 11 ACEGJ " and 75 psf on BDFH 
337 11 HDFH at It " ACEGJ 
338 15 All Test to failure 
339 17 E Panel E loaded to failure with 285 psf 
on ACGJ 
* All values of uniform load given in the table include the weight of the test 
slab and the load distributing systemG 
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TABLE 3 
SEQUENCE OF YIELDING DURING TEE TEST TO FAILURE 
(Test. 3:;8) 
Total Load psf 267 289 358 395 418 457 526 537 
Section 
* Interior Panel POSe x 
Neg. x 
Edge Panel Int.Neg. x 
(Perpendicular to Edge) Pos .. x 
Ext.Neg. 
Edge Panel POSe x 
(Parallel to Edge) Neg. x 
Corner Panel Int.Neg .. x 
POSe x 
Ext.Neg. x 
Interior Beam POSe . x 
(Parallel to Edge) Neg. x 
Interior Beam Int .. Neg. x 
(Perpendicular to Edge) POSe x 
Ext.Neg. x 
Edge Beam POSe x 
(Adjacent to Corner Panel) Neg. x 
Edge Beam Int.Neg. x 
(Adjacent to Corner Panel) POSe x 
Ext.Neg .. x 
* Yielding on diagonal line at panel quarter point. 
TABLE 4 
MOMENTS ACROSS FULL WIDTH OF STRUCTURE - TEST 314 
I I I I ! Ul 2 3U4 51 
Applied Load (a) Moments Computed from Reactions (kip-in.) Total Moment 
pSf 1 2 3 4 5 End Span Center Span 
104 -10.1 25·2 -47·0 -41.4 11 .. 6 53.8 53.0 
129 -14.B 30 .. 5 
-57·1 -50.1 15·5 66.5 65.6 
153 -2009 3304 ··~69 .. 7 -61·5 16.0 78·7 77·5 
172 -25.6 36.9 
-77·9 -70·3 17·2 88·7 87 .. 5 I 
...... 
\J1 ()) 
I 
(b) Moments Computed from Strains (kip-in.) 
1 2 3 4 5 
104 - 8.6 16.2 -46.4 -39.4 10.8 4307 50.2 
129 -15·1 21.1 -49·3 -48·5 17·3 53·3 65.8 
153 -2102 2703 -53.3 -53.8 22.0 64.6 75.8 
172 
-27·9 3).8 -62.6 -60.1 28·5 79·1 88.6 
TABLE 5 
MOMENTS ACROSS FULL WIDTH OF STRUCTURE - TEST 335 
1. U
l ~ 31ll'4 5 
Applied Load (a) Moments Computed from Reactions (kip-in.) . Total Moment 
pSf 1 2 3 4 5 End Span Center Span 
106 -1400 22·3 -50·5 ·-44 .. 1. 9·7 54.55 53.8 
179 -2603 39 .. 4 ~79.4 -7005 20.4 92.25 90·9 
203 
-31·1 45 .. 2 -81·7 -16.B 25.6 104.90 102 .. 4 
226 -38.0 50.4 -94.6 -85.4, 2906 116070 115·0 
241 -4309 56.1 -91·0 -87 .. 7 36.9 126.55 124 .. 6 I I-' 
210 -5009 61.2 -103.2 
-93·9 42 .. 3 138.25 136.2 VI \0 
292 
-51 .. 1 6108 -106.3 -91·2 50·3 149.80 147 .. 5 • 
312 -64 .. 8 12.4 -111.0 -10302 54.6 160.3 151 .. 8 
(b) Moment~ Computed from Strains (kip-in.) 
1 2 3 4 5 
226 -46.1 44.3 .;..80 .. 4 -14.1 33.2 101·55 101 .. 2 
247 -53.0 51.1 -87.5 -82·1 39·5 121·35 122 .. 2 
210 -5609 56.4 -98.8 -94.1 46.1 134 .. 25 140.8 
292 -5909 6105 -10403 -100 .. 1 50·9 143.60 151.6 
312 -65.2 6608 -109·0' -106.1 56.3 153·90 162.4 
TABLE 6 
MO~~NTS ACROSS FULL WIDTH OF STRUCTURE - TEST 338 
f I .~ t ! ~ 2U 51 
Applied Load (a) Moments Computed from Reactions (kip-in.) Total Moment 
psf 1 2 3 4 5 End Span Center Span 
182 -34. 'l 39·3 -74.1 -67.7 24.6 93·7 92 .. 3 
248 -48.9 51.4 -103.4 
-95·1 30.6 127.6 125 .. 7 
317 -64·7 67.4 -126 .. 8 -118.4 42.3 163.2 160 .. 7 
I 
354 -7506 77·1 -135·2 -128·9 50.8 182·5 17907 ~ 0\ 
0 
377 -8306 81·9 -141.3 -137·2 5401 194.4 191·3 8 
416 
-97·0 89·8 -152.6 -154.1 5702 214.6 211·3 
449 -105 of~ 97·7 -162.1' --164.5 6303 231.4 227.8 
485 -96.B 117.4 -168.1 -162.7 83.3 24909 24600 
492 -740;1 112·5 -185.7 -165.7 83.1 252·5 248.8 
TABLE 7 
MOMENTS AT 2.0 LL 
Slab Moments 
Interior Edge I Edge II Corner 
+ + + + 
U. L. 0.015 0.026 0.032 0.016 0.014 0.015 0.025 0.032 0.017 0.010 
3.49 6.12 7·53 3·77 3·30 3 .. 49 5.89 7·53 4.00 2036 
* * * * 0 .. 006 "So P." 0.014 0.02;5 0.034 0.011 0.009 0.015 0.026 . 0.032 0.015 
3.30 5.89* 8.00* 2·59 2.12 3.49 6.12* 7.53* 3·53 1.41 
"Max 0 tt 0,,017 0.015 0.016 0.018 0.025 0.035 0.018 0.009 
4000 3·53 3.77 4.24, 5.89 8.24 4.24 2 .. 12 
* Obtained by superposing two single panel tests. 
e 
t-J 
0\ 
t-J 
I 
Beam Moments 
Interior Beam Exterior Beam 
Ext Corner 
+ + - + + -
U. L. 0.023 00062 0 .. 058 0.034 0.030 0.016 0.030 0.029 0.014 0.013 
5036 14060 13.66 8.00 7·06 3·77 7·06 6.83 3·30 3·06 ' 
tts. p. tt 0.020 0.016 0.012 
4.71 3·17 2.82 
ttMax. n 0.029b 0.063 0.062 0.037 0.027 0'.020 0.031 0.029 00016 0.014 
6.83 14078 14084 8.71 6.35 4071 7·30 6.83 3077 3930 
b Obtained from loading for maximum negative moment l,oading for this beam. 
MEASURED 
Uniform Load 
"Maximum"' 
DESIGN 
ACI-l 
ACI-2 
MET (5) 
Newmark-Siess (6) 
ANALYSIS 
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TABLE 8 
* INTERIOR PANEL MOMENT COEFFICIENTS 
Slab Mom. Coeff 0 Beam Mom. Coeff. 
+ + 
0.015 0.026 0.023 0.062 
0.017 0.025a 0.029b 0.063 
0.0173 000288 0.0395 0 .. 0575 . 
0.0196 0.0261 0.0395 0.0575 
0.0197 0.0356 0,,0395 000575 
0.0128 0 .. 0299 000316 0.0459 
Siess-Newmark Moment Distribution (7) 
Uniform Load 
T/K = 1 . 0.0120 0.0289 
T/K = 2 0.0120 000290 
nSingle PanelT'l 
T/K = 2 0.0140 0.0356 
T/K = 2 0.0134 000338 
APPLETON (8) 
S = 1 0.0208 0.0417 000208 0.0417 
S = 2 0.0164 0.0365 0.0253 0.0468 
S = 5 0.0126 000324 000290 0.0510 
S = co 0 .. 0095 0,,0290 0 .. 0322 000543 
* 
Total Coefficient 
0 .. 126 
0 .. 135 
0.1431 
001427 
001523 
0.1202 
0.1250 
0.1250 
001250 
0.1250 
Coefficients of WL, where W is the total applied load on the panel and 
L is the clear span, 57 in. 
a Obtained by superposing two single-panel loadings. 
b This moment from loading for maximum negative moment in this beam. 
MEASURED 
Uniform Load 
"MaximumlT 
DESIGN 
ACI-1 
ACI-2 
MET 
Newmark-Siess 
ANALYSIS 
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TABLE 9 
. * EDGE PANEL MOMENT COEJrFICIENTS 
SPAN PARALLEL TO EDGE OF STRUCTURE 
Slab Mom. Coeff. 
+ 
0.015 
0.018 
0.0236 
0.0244 
0.0224 
0.0128 
0 .. 025 
0.025 
0.0365 
0.0325 
0.0483 
0.0299 
Edge Beam Mom. Coeff .. 
+ 
0.016 
0 .. 020 
0.0171 
0 .. 0197 
0.0197 
0.0157 
0.030 
0.031 
0.0249 
0 .. 0287 
0.0287 
0.0230 
Siess-Newmark Moment Distribution 
Uniform Load 
T/K = 1 
T/K = 2 
"Single Panel" 
T/K = 1 
T/K = 2 
APPLETON 
S = 00 
* 
0.0138 
0.0132 
0.0147 
0.0138 
0.0336 
0 .. 0320 
0 .. 0373 
0.0346 
0.0115 000272 
Total Coeff. 
0.128 
0.140 
0.1506 
0.1538 
0.1676 
0.1201 
Coefficients of WL, where W is the total applied load on the panel and 
L is the clear span, 57 ino 
a Edge beam, slab plus 1/2 interior beam moment. 
MEASURED 
Uniform Load 
nMaximum 
DESIGN 
ACI-1 
ACI-2 
MET 
Newmark-Siess 
ANALYSIS 
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TABLE 10 
* EDGE PANEL M:>MENT COEFFICIENTS 
SPAN PERPENDICULAR ·TO EDGE OF STRUCTURE 
Slab Mom. Coeff. Beam Mom. Coeff .. 
Into - + Ext. - Int ..... + Ext .. -
0.032 0 .. 016 0 .. 014 0.058 0.034 0 .. 030 
0.034a 0.015 0.016 0.062 0.037 0.027 
0.0241 . 0.0150 0.0101 0.0707 0 .. 0505 0 .. 0442 
0.0325 0.0244 0.0162 0.0632 0.0451 0.0395 
0.0261 0.0206 000154 000632 000451 0.0395 
000299 0.0128 0.0200 0.0505 000361 0.0316 
Siess-Newmark Moment Distribution 
Uniform Load 
T/K = 1 0.0289 0 .. 0113 0.0144 
T/K = 2 0.0289 000116 0.0193 
"Single Panel lt 
T/K = 1 0.0358 000139 0.0183 
T/K = 2 0.0338 0,,0134 0.0228 
APPLETON 
S = 1 0.0453 0.0247 
S = co 0.0286 0.0105 
a Total Coeff. 
0 .. 117 
·0 .. 124 
0.1401 
001452 
0.1378 
0.1149 
* Coefficients of WL, where W is the total applied load on the panel and 
L is the clear span, 57 in. 
a Obtained by superposing two single-panel loadings. 
MEASURED 
Uniform Load 
"Maximumi't 
DESIGN 
ACI-1 
ACI-2 
MET 
Newmark-Siess 
ANALYSIS 
TABLE 11 
* CORNER PANEL MOMENT COEFFICIENTS 
Slab Mom .. Coeff .. Edge Beam Mom ~ Coeff" 
Int .. - + Ext .. - Int .. - + Ext .. -
00032 0.017 0.010 0 .. 029 0.014 0.013 
0.035 0.018 0.009 0 .. 029 0.016 0.014 
0.0316 0.0221 0.0132 0.0316 0.0226 0.0197 
0.0387 0.0291 0.0194 0,,0316 0.0226 0.0197 
0.0396 0,,0244 0.0182 0.0316 0.0226 0.0197 
0.0299 0.0128 0.0200 0.0252 0.0180 0.0157 
Siess-Newmark Moment Distribution 
Uniform Load 
T/K = 1 0.0340 0.0134 0.0171 
T/K = 2 0 .. 0322 0.0129 0.0215 
ttSingle Paneltt 
T/K = 1 0 .. 0375 0.0144 0 .. 0193 
T/K = 2 0.0346 0.0137 0 .. 0234 
APPLETON 
S = co 0.0351 0.0143 
S = 0.5 0.0524 000267 
* 
a Total Coeff. 
0.112 
0.119 
0.1476 
0.1546 
0.1497 
0.1148 
Coefficients of WL, where W is the total applied load on the panel and 
L is the clear span, 57 in. 
a Edge beam, slab, plus 1/2 interior beam moment. 
Interior 
+ . 
MEASURED 
Uniform Load 0.015 0.026 
"Maximum" 0.017 0.025a 
ACI-l 000173 0.0288 
ACI-2 0.0196 0.0261 
MET 0.0197 0.0356 
Newmark-Siess 0.0128 0.0299 
TABLE 12 
SLAB AND BEAM MOMENTS 
* Slab Moment Coefficients 
Edge (Perpendicular) 
Ext. 
Edge (Parallel) 
+ + 
0.032a 0.016 0.014 00015 0.025 0.034 0.015 0.016 0.018 0.025 
0.0241 0.0150 0.0101 0.0236 000365 
0.0325 0.0244 0.0162 0.0244 0.0325 
0.0261 0.0206 0.0154 0.0224 0.0483 
0.0299 0.0128 0.0200 0.0128 0.0299 
a Obtained from the superposition of two single-panel loadings. 
* 
Corner 
+ 
Ext. 
0.032 00017 0.010 
00035 0.018 0 .. 009 
0.0316 000221 0.0132 
0.0387 0.0291 0.0194 
0.0396 0.0244 0.0182 
0.0299 0.0128 0.0200 
Coefficients of WL, where W is the total applied load on the panel and L is the clear span, 57 in. 
I 
t-' 
0\ 
0\ 
I 
TABLE 12 
SLAB AND BEAM MOMENTS (Continued) 
* Beam Moment Coefficients 
Interior Beams Edge Beams 
Ext. Ext 0 
+ + + + 
MEASURED 
Uniform Load 0.023b 00062 0.058 0.034 0.030 0.016 00030 0.029 0.014 00013 
nMaximum" 0.029 0.063 0.062 0.037 0.027 0.020 00031 0.029 0.015 0.014 
a 
0.0442 0.0249 0.0316 0.0226 ~ ACI-l 0.0395 000575 0.0707 0.0505 000171 0.0197 0\ 
-l 
ACI-2. 000395 o. 0~)75 000632 0.0451 000395 0.0197 0.0287 0 .. 0316 0.0226 0.0197 I 
MET 0.0395 o. 0~)75 0.0632 0.0451 0.0395 0.0197 0.0287 0.0316 0.0226 0.0197 
Newmark-Siess 0.0316 o. ot~59 0.0505 0.0361 0.0316 0.0157 0.0230 000252 000180 0 .. 0157 
b This moment from loading for maximum negative loading of the beam. 
* Coefficients of WL, vlhere W is the total applied load on the panel and L is the c1ea'r span, 57 in. 
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FIG. 12 TYPICAL STRESS-STRAIN RELATIONSHIP FOR SLAB STEEL 
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FIG.. 13 TYPICAL STRESS-STRAIN RELATIONSHIP FOR BEAM STEEL 
.... 
til 
~ 
til 
00 
Q) 
J..4 
50 
40 
30 
...., 20 
to 
10 I 
~ 
~ I-'" 
-------
.",--------
~ 
Ultimate Strength 
49.4 kai 
Modulus or EGasticity 
30 x 10 psi 
No.. 10 black 
annealed wire 
a-in. gage length 
0 .. 5 1.0 1.5 2.0 2.5 , .. 0 3 .. 5 4.0 
Unit Strain, Percent 
FIG. 14 TYPICAL STRESS-STRAIN RELATIONSHIP FOR STIRRUP STEEL 
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oM 
til 
.!4 
(/) 
CIl 
OJ 
~ 
+' 
til 
n 
OJ 
OJ 
+' 
m 
N 
r 
10 · =-1=.---,--------t--' 
8 Ir----------.------------------------~-------------------------------------+_----------------__________________ ~ 
6 
4 
2 
~---------------------
--------------
DW2 
/ .......... ~ 
'" D21 DE E21 
3 .... 4 
--_._-
E:22 E23 E25 EFF21 
3-4 
F22 F23 
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FIG. 34 STEEI~ STRESSES AT NORTH EDGE OF STRIP DEF, TEST 301 (DESIGN LOAD) 
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FIG. 35 LOAD-DEFLECTION CURVES, TEST 314 
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FIG. 36 LOAD-STRAIN CURVES, TEST 314 
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FIG. 42 STEEL STRESSES AT SOUTH EDGE OF STRIP ABC, TEST 314 (leO DL + 2.0 LL) 
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FIG. 43 STEEL STRESSES AT NORTH EDGE OF STRIP DEF, TEST 314 (1 .. 0 DL + 2-.. 0 LL) 
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FIG .. 44 CRACKS ON TOP OF SLAB, TEST 314 (1 .. 0 DL + 2.0 LL) 
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FIG. 45 SLAB-DEFJ2.CTION CURVES, TEST 335 
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FIG. 1!6. CUMULATIVE LOAD-DEFLECTION CURVE, TESTS 301 TO 335 
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FIG. 41 CUMULATIVE LOAD-DEFLECTION CURVE, TEST 301 TO 335 
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FIG. 48 CUMULATIVE LOAD-DEFLECTION CURVE, TESTS 301 ~ 335 
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FIG. 49 BEAM LOAD-PEFLE'CTION CURVES, TEST 385 
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FIG. 50 LOAD-STRAIN CURVES, TEST 335 
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·FIG.. 51 LOAD-STRAIN CURVES, TEST 335 
350 
A 
V /' I' 
300 
/' • I '/ / I A I .., 250 
I I '/ ~ V / / 
'-t 
til 
~ 200 
rcJ 
Cd 
.9 
rcJ 
Q) 150 .,... 
I /' 
,I / 
-""" 
V~ , / 
, . I IV 
M 
G: 
« V I I 
100 I J I 
- f-. L A61 
I 1,1 
I 
A51 ~31 
j 
.--
_ .. - 1---I / I I 
-. 
----
Ii / /' / 
50 
I; I /1 
J~l A -- ._-5 ~ 
0.00010 Steel Strain-in. lin. 
FIG. 52 LOAD ... STRAIN CURVES, TEST 335 
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FIG. 53 LOAD-STRAIN CURVES:, TEST 335 
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FIG. 54 LOAD-STRAIN CURVES, TEST 335 
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FIG. 55 LOAD-STRAIN CURVES, TEST 335 
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FrG. 56 LOAD-STRAIN CURVES, TEST 335 
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FIG. 57 LOAD-STRAIN CURVES, TEST 335 
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FIG.. 58 LOAD-STRAIN CURVES, TEST 335 
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FIG. 59 STEEL STRESSES AT CENTER OF STRIP ABC, TEST 335 (1 .. 0 DL + 4.0 LL) 
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FIG. 60 STEEL STRESS AT CENTER OF STRIP DEF, TEST 335 (1.0 DL + 4.0 LL) 
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FIG. 61 STEEL STRESSES AT NORTH EOOE OF SLAB, TEST 335 (1 .. 0 DL + 4 .. 0 LL) 
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FIG. 62 STEEL S'IDRESSES AT SOUTH EOOE OF STRIP ABC, TEST 335 (1 .. 0 DL + 4 .. 0 LL) 
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FIG. 63 STEEL STRESSES AT NORTH EDGE OF ~TRIP DEF, TEST 335 (1.0 DL + 4.0 LL) 
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FIG. 65 CRACKS ON TOP OF SLAB, TEST 335 (1,,0 DL + 4 .. 0 LL) 
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FIG.. 66 LOAD .... DEFLECTION CURVE, TEST ;38 
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FIG. 67 LOAD-DEFLECTION CURVE, TEST 338 
500 
400 
\1300 
i 
.s 
rd 
C1> 
.,.. 
..... 200 ~ 
« 
100 
r T J==J'[JlI--r--r--1:=+::~~--~==r==r'-~-'--~~-~ I I I ~ ~ ~... __ l.,.--- lIT I I 
/~/ ----- / --- ------->---- ../,~ r---I--f-II--.l-I--t-~L- _J 
// ·A +__ / 
_ i ---- -----r---------l.---
,fi II --- - I _ ,--+----+---J-
,/ -------- / 
~ I J / /1 -- I - -----
I J I I I I 
'II' I -f--- - I -I I ,r-~------1 
-, I r I- 338 _ / - lib 
11 f L335 - / 
:Iff-I -U -~I!~r-~-~--~ 
I I ~ L I I -
BO 0 .. 2 0.4 0 .. 6 0 .. 8 1.0 1 .. 2 1.4 
Deflection-inches 
FIG. 68 LOAD ... DEFLECTION CURVE, TEST 338 
i 
I i., _____ _ l--··_··! ---+------~. ~ 
---~, ..... _._---,---
I 
.. --t--.-.---
- -r----
I __ 
-. ----.-r-
I 
.... .,. .. 
----+-..... -. "-'--r---
-~---.-- ----;---~ 
~ .. -
-··---t-_···-··- . 
. ·····_-+_···_··-1- "'---
I 
\0 
" o 
..::t 
.. 
o 
0\ 
\0 
" o 
H 
f:4 
~ 
m 
~ ] 
'd 
Q) 
~ 
8.: 
« 
!l 
A 
/1 
( i 
Il 
I 
..l. 
! ~ i , 
I I \ J . , ! , 
i 
I 
I . 
~ 
• 1 
F10.l 0.2 
h 
" I I 
I 
I 
I 
u 
I 
BI 
I v~. I . r--
/ I 
J I j I 
I 
, , I / ~ 1 
I t J I 
B 
I 
I 
I / 1 I 
I i : ~ II , f . J I I C~ Bl C3c~ , I' I , 
c~Fl I ! , I II 
• I 
j 
0.1 0.2 0.2 0.3 0.4 C3 0.1 0.2 0.3 0.4 
Deflection-inches 
FIG. 70 LOAD-DEFLECTION CURVES, TEST 338 
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FIG .. 11: LOAD ... DEFLECTION CURVES, TEST 338 
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FIG .. 72 SCHEMATIC DIAGRAM OF DEFLECTIONS AT ULTIMATE LOAD, TEST 338 
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FIG .. 14 LOAD-STRAIN CURVES, )TEST 338 
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FIG,. 75· LO~STRAIN CURVES, ; TEST 338 
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FIG.. 76 LOAD-STRAIN CURVES J' TEST 338 
500 
~ ~ 
~ ~ 
-------
400 C 
~ 
~ I I 
~~ J 
~300 
~ 
~ 
~. 
~ 
~ 200 
< 
~ ~ I ~ I / I 500 V 
./ ~ v I CH 400 ~ ~ V Ul ~ Pi I g 300 ~ s I / rd 200 GJ I ;1 v 8: 100 
/ c.: . I B43 N I I 
/ f .002 .004 .. 006 .. 008 .. 010 .012 Steel Strain I 
100 
:/ \/\l\ 
,.. "'''' .. A. "''''" A. "'. "" "'" IIfZb.Ct. o ~ Steel Strain 
FIG.. TI LOAD- STRAIN CURVES I TEST 338 
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FIG. 18 LOAD-STRAIN CURVES, ,TEST 338 
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FIG. 79 LOAD-STRAIN CURVES, TEST 338 
500 
400 
fH;oQ 
ell 
P. 
B 
aJ 
as 
rd 
OJ 
..-t 
'a. 200 
~ 
100 
L- -T---~--~-4--~·--~----
-
-
--~---I--+-----!--- -;-------" 
I,.;""'" - ~ -
./ ~ I~ -
_ .."r, V V __ ~ __ ~ ___ --L-~ __ 
r----t---+--!-.-.LL/ / - ---~~-f--------f----~-----.-.-L-. __ +--_J 
JV l! - --r-t-f-·_--
/
.4' / ---- f-. ---f---,---+------L--i ------t--,......J.--- ___ J ---I 
r-~--~~L~·-I-f~--~ / V -r-+-----L---- - C42 
V / - -f-------L I I I ~2 
V V-I _~ .. .L. 
-
I I I 
F62 B42 ~.oooJ Steel Strain-in. lin. 
FIG" 80 LOAD-STRAIN CURVES, TEST 338 
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FIG. 81 LOAD-STRAIN CURVES, TEST 338 
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FIG co 82 LOAD-STRAIN CURVES, TEST 338 
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FIG. 83 LOAD-STRAIN CURVES, TEST 338 
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